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ADVERTISEMENT. 



The body of this volume, like that of the preceding, 
was selected from Biot's Precis Elementaire de Phy- 
sique Experimental. 

In an elementary course of Natural Philosophy the 
space alotted to Optics is too limited to admit of any 
thing like a complete treatise. The plan adopted by 
Biot in his smaller work has been highly approved, and 
seemed, on the whole, to be best suited to the state of 
information and wants of most learners. Reference is 
frequently made to the larger work of this distinguished 
philosopher for the algebraic formulas and more detailed 
information relating to the subject under discussion. 
The part upon the polarisation of light, amounting in 
the original to about one hundred and fifty pages, is 
omitted, as not comporting with the design and limits of 
the work, already perhaps too extended for the time 
appropriated to these studies. A brief account is given 
in a note of this new branch of Optics, drawn up by 
Biot himself, and appended to his translation of Fischer's 
Physique Mecanique.f The other notes are intended 
to furnish . information upon several other topics that 
have not found a place in the text. 

The parts of this course of Natural Philosophy alrea- 
dy published are, a treatise upon Mechanics, and a trea- 



f The original not being at hand, the compiler has made use of a 
translation, contained in Coddington's Optics. 
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General Remarks. 

1* When the sun first appears above the horizon and presents 
itself suddenly to our view, we feel persuaded that there must be 
some mode of communication between this luminary and our- 
selves, which informs us of its existence without the necessity of 
our coming in contact with it. This mode of communication^ 
which thus takes place at a distance, and through the medium 
of the sight, constitutes what is called lighL Bodies, which are ca- 
pable of exciting it directly, and of thus making themselves known 
to us, are called self-luminous, as the sun and stars. It would 
seem, indeed, that all material substances become self-luminous 
when their temperature is sufficiently raised, and they lose this 
property by being deprived of their heat. If they receive lighti 
however, from a luminous body, after they have ceased to be 
self-luminous, they are still capable of sending to us the light 
thus received, as if it were their own, and in this case they be- 
come visible by rejlectioiu In this way we perceive the objects 
about us while the sun is above the horizon, and all becomes 
obscure and invisible when this light is withdrawn. 

In all cases, when an object transmits to us a sensation of its 
existence by means of light, this transmission takes place in a 
right line ; for if we place fine threads of silk or metal parallel 
to each other and in the same plane, a luminous point situated at 
some distance beyond the threads in the same plane will be 
eclipsed by them ; but if we move it a little out of the direction 
of this plane, it will become visible. Moreover, if we take tw# 
metallic plates perfectly plane and brbg them by degrees to- 
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9. Getural Remarks. 

wards each other, hy directing the sight to the light of the 
sky through the space which separates iheoi, we shall always 
be able to perceive it, however small the distance between the 
plates ; but when one plate is concave and the other convex, vision 
ceasPs before they arc brought into contact. This fact tsconlirai- 
ed by daily observation ; and as it is of continual use, it will be 
proper to give it a simple enunciation. For this pui-pose, every 
right line, drawn from any point of a luminous body to the eye, 
has a particular designation, and is called a lummoas ray ; and 
direct vision is supjMscd to follow the course of these rays. 
This definition may likewise be employed in a physical sense, 
to distinguish (he component parts of a luminioiis collection, at 
least as far as our senses are capable of advancing in the pi'ocess 
of dividing. For, however fine a ray of light may be, as long 
as it is sensihle to our organs, we find in it identically the same 
properties as in the largest collection. 

2. Ii is proved by astronomical observations that the comtnu* 
nications established by light between luminous bodies and ouN 
selves ia not instantaneous. When the sun is at any point of its 
orbit, we do not perceive its presence at (his point until about 
8' 13" after it has arrived (here. When (he sa(elli[es of Jupiter, 
which are small moons illumined by the sun, after having been 
eclipsed by the body of tlieir planet, disengage themselves froia 
its shadow, a certain time elapses between (he absolute io- 
s(ant a( which they are (hus disengaged, and that at which we 
begin to perceive them. The interval is longer or shorter, as 
the earth is more or less distant from Jupiter, and is exactly 
proportional lo (his distance. Hence we conclude (ha( the velo- 
city of light is strictly uniform throughout the whole extent em- 
braced by the enrih and Jupiter in their annual revolutions. 

It follows, moreover, fi-om these phenomena, that after the abso- 
lute instant when the satellites of Jupiter enter into the shadow 
of (his plane(, we still sec them without it, since the sensation 
which we have of them results from iheir previous presence at 
a point of their orbit which they occupied a few minutes be- 
fore; and also when they disappear, their light has already 
been interrupted for some time. Thus the communication re- 
sulting from the presence of these bodies at any point continues 
to take place even after they have left it. This communicatioo 
then must be effected either by means of impulses propagated 
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through an elastic fluid from luminous bodies to us, as sound is 
transmitted through the air, or by an actual emanation of mate« 
riat particles from these bodies. In all cases, as the sensation of 
vision takes place even through the substance of certain bodies, 
called transparent or diaphanous^ it is necessary either that the 
impulse of the elastic fluid should continue to be propagated 
through the pores of these substances, or that the luminous par-* 
tides should continue to move within them and be capable of 
passing through them. 

3. Each of these opinions has had its defenders. Those who 
are inclined to favour the supposition of an elastic fluid, dwell 
upon the facility with which this theory adapts itself to rapid 
and uniform transmission* They insist upon the improbability 
of an actual emanation of particles having the velocity be- 
longing to the particles of light, and at the same time, of such 
extreme tenuity as to be sfble to pass readily through trans- 
parent bodies. As to this point we must be guided solely 
by facts; for slow and rapid are nothing in themselves, any 
more than great and smalL The motion of a cannon-ball to 
us is so rapid that our eyes cannot follow it; this, however, 
is very slow compared with the revolution of the earth upon 
its axis ; and this in like manner is slow compared with 
the earth's annual motion ; indeed the earth's annual motion 
falls far short of the rapidity with which light is transmitted. 
It is certainly more difficult for us to give a large body a great 
velocity than a small one, since our strength is limited ; but what 
community or what comparison is there between our limited 
powers, and the extent and kind of power which operates in na- 
ture? None, absolutely none. Accordingly, if we divest our- 
selves of this prejudice, and examine the phenomena by them- 
selves, we shall perceive that a very great part of them take 
place in a manner exactly conformable to the idea of an emis- 
sion. When light passes through transparent bodies its motion 
is precisely such as it ought to be, were it composed of a sub- 
stance, capable of being attracted by these bodies. If we ob- 
serve its motion in gaseous or liquid substances of different 
natures, and then mix these substances, (which we suppose to be 
such that they can have no chemical action upon each other) 
the motion of light through the compound may still be calculated 
by the taws of the attractions of. the com|)onent substances, pre- 
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viousljr known ; and ihe result of this calculation agrees exactly 
with observaiion. But who can say in what manner undnlaiions 
must be formed ? And without being able to answer this ijues- 
lion, it would seem that they must be formed according to ex- 
tremely complicated laws. In fine, it is known from other phe- 
nomena that luminous rays may be so modified and j>rej>ared 
that their different sides shall present different physic;il proper- 
ties ; a fact which agrees very well with a series of particles, but 
which it is much more difficult to conceive and represent, if wo 
luppose a series of impulses. Moreover, these properties, relating 
to the sides of the rays, are so inherent in them that they manifest 
themselves in passing through liquids perfectly homogeneous, as 
the essence of citron, for instance, and that of turpentine ; and, if 
the rays penetrate tlifte liquids in a direction perpendicular to 
their free surface, which seems to give to pulsations all the con- 
ditions of perfect symmetry, they continually exhibit during their 
transmission properties not s^mmelrical about the perpendicular 
to the face of incidence ; this it would be very difficult to com- 
prehend on the supposition of transmitted impulses, but is very 
easily understood if we admit ihe theory of luminous particle* 
having different propcnifs on their different faces, and being 
successively submitted to the actions of the particles of a homo- 
geneous medium through which they pass. 

In what I shall hereaficr offer on the phenomena of light, I 
shall employ this theory which supposes it material, and which 
affords in almost all cases great facility of conception and repre- 
sentation } then, when we have studied the phenomena in this 
manner, I shall present the views that must be substituted ac- 
cording to the system of undulations, and apply them to some 
phenomena, for which this system offers an easy explanation, 
while we have never yet been able to deduce them from the hy- 
pothesis of the materiality of light. 

4. in this exposition we have considered vision as propagated 
from the object to the eye, but it is not on the external surface 
of the organ that the sensation lakes place ; it is in the interior, 
and according to common opinion, on a nervous membrane which 
covers the back part of the eye, called the retina. Indeed, when 
the different media, composing (he other parts of the organ, hap- 
pen to be hardened or affected by disease, so as to prevent the 
light from reaching the retina, the power of vision is destroyed ; 
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but it is again restored when the parts of the organ which have 
become opaque are removed. Each of these parts may be sep- 
arately removed without entirely destroying the sight; but if 
the retina is affected, the power of vision is lost forever. We 
know, moreover, that two large nerves, proceeding from the 
brain, spreading over the posterior surface, and branching out 
into an infinite number of ramifications terminate in the retina, cr 
to speak more correctly, the retina itself is only an expansion 
of these nerves. Now we know that in all the other organs, 
sensation is propagated by the nerves. This analogy confirms 
the supposition that the sensation of vision takes place imme- 
diately at the retina, either by impulses propagated through an 
elastic fluid, if light be transmitted by undulations, or by the 
direct impression of luminous globules if light is material. I shall 
treat more particularly of the internal structure of the eye, after 
having made known the theory of optical instruments ; for the 
eye itself is an optical instrument so perfect and admirable, that 
the most profound examination fails of comprehending all its 
wonderful properties, and the most exquisite art has not succeed- 
ed in imitating it. Thus far these preliminary observations will 
suflSce ; we shall confine ourselves to the consideration of the 
back of the eye or the retina, as the centre of the organ of sight. 
5. When we view an object sufficiently great to be percepti- 
ble, the rays coming from its opposite extremities, arrive at the 
eye in different directions, and consequently cross each other so 
as to form a certain angle at their point of incidence before the 
pupil. This is called the visual angle or the apparent diameter 
of an object, since, in fact, as we shall see hereafter by many 
examples, we judge of the actual bulk by the size of the visual 
angle which it subtends in the eye, together with the idea we 
have of the distance at which we suppose it to be placed. 

When light passes from a luminous body to us, it always 
comes through different media, such as air, water, or other trans- 
parent bodies, whch afford it a passage more or less free. The 
rays upon entering these bodies, sometimes pursue their course 
m a straight line ; but most commonly they are turned from 
their original direction, and this phenomenon is called refraction. 
Besides this cause of deviation, it frequently happens that light 
meets with smooth surfaces which send it off or rejlect it, by 
which objects are presented to our sight in an indirect way. 
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when we happen to be in the direction of the rays thus reflected. 
We shall study the refraction and reflection of light in succession. 
It would seem proper to begin with the first of these classes of 
phenomena, since, as we. ourselves are immersed in a material 
fluid, the air, vision cannot take place without the action of the 
air upon the luminous rays; but as this action is very feeble, 
and hardly turns them from their natural direction, we shall 
defer this subject, and begin by investigating the laws of the 
phenomena of reflection, which are much more simple, and 
which, taken together, constitute the first branch of the science 
of optics, called catoptrics. 



CATOPTRICS. 



General Laws of Reflection* 

6. In order that the surface of a body may reflect the light 
regularly and give a distinct image of the luminous points 
by means of which it is rendered visible, it must be care- 
fully polished, that is, its little inequalities must be removed^, 
as far as possible, by friction. Such is the state to which glass, 
crystals, and metals, are reduced by art. We shall first consider 
the phenomena presented by surfaces thus prepared ; and after- 
wards endeavour to show in what manner the polishing con^ 
tributes to the effect in question. 

To proceed methodically in the study of the laws of reflection, 
we shall begin by determining what these laws are with respect 
to plane surfaces. It will be easy to extend them, when thus 
determined, to curved surfaces. For, in all the modifications 
which light undergoes, by the action of bodies of a sensible ex- 
tent, the luminous rays may be considered, (at least, as far as they 
are perceptible to our senses) as mathematical straight lines ; so 
that at each point of a curved surface, reflection takes place 
in exactly the same manner as if the ray fell upon a plane 
touching this point; and since we may always calculate the 
position of the tangent plane for all the points of a given surface, 
it follows that the reflection of light from any curved surface 
whatever will be a subject of pure calculation, when the laws 
according to which it takes place from plane surfaces are once 
known. 

7. For the purposes of this inquiry, and with respect to optical 
experiments in general, it is indispensable that we should be 
provided with a room which receives the direct rays of the 
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sun during a part of the day, at least, and which is furnished 
with window-shutters made very tight, so that it may at any 
time be rendered completely dark. In one of these shutters an 
aperture is supposed to be made of any convenient size, and 
covered with a metallic plate, pierced with several holes of un- 
equal diameters, and capable of being opened or shut at pleas- 
ure. One of these holes being opened when the rays of the 
sun fall directly upon the shutter, the light will enter the room 
in the form of a beam or fine collection of rays, which become 
sensible by being reflected from the particles of dust floating in 
the atmosphere. We shall hereafter make known a more con- 
venient and ingenious apparatus ; the one just described will 
suffice for the present. 

Now if this beam be made to fall obliquely upon a polished, 
transparent plate of glass, placed horizontally, the following ap* 
pearances will be exhibited ; 

(1). The luminous beam is not wholly transmitted through 
the surface. A part is reflected upward, in a direction depend- 
ing on its obliquity. If the eye be placed any where in thii 
direction, a lively, brilliant image of the sun will be visible, 
which seems to come from beneath the glass in the direction of 
the floor. 

(2.) The point where the beam of light meets the plate is visi- 
ble from every part of the room; but when thus viewed nd 
regular image of the sun is presented, and the light is incom- 
parably less brilliant than when the eye of the observer is placed 
in the direction of the reflected beam. 

(3.) A portion of the incident light escapes reflection at the 
first surface of the plate and passes to the interior. Arriving at 
the second surface, another partial reflection takes place, and 
the remainder passes into the air beneath the glass. 

If we now consider the phenomena presented by the first sur- 
face, we shall observe that there are three distinct operations. 
A part of the incident light is reflected regularly in a particular 
direction ; another part is reflected indifferently in all directions, 
as if the body were not polished ; and finally the remainder is 
transmitted without being reflected. To distinguish these two 
modes of reflection which take place in the same body, I 
shall call the first specular reflection^ since it is this which 
gives a regular image, whatever be the reflecting surface* I 
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shall call tbe other mode radiant tejlettion^ because it scatters 
the light in all directions about the point of incidence, as if this 
point had by itself a radiating power. 

If we substitute for the plate of glass one of polished metal, 
the two first only of these phenomena will be observed. Th6 
polished metal reflects regularly one portion of the incident 
light, disperses another portion, and absorbs or extinguishes 
the rest ; this remainder answers to what the transparent body 
transmits. 

By confining ourselves, therefore, for the present to the two 
first phenomena which constitute reflection, we shall in the first 
place inquire into this dissemination of light which renders the 
point of incidence visible from all parts of the dark room. If 
we repeat the experiment with difierent reflecting bodies, and 
with the same body having difierent degrees of polish, we shall 
soon perceive that the imperfection of the polish is the determin- 
ing cause of the phenomenon. For, the greater this imperfec- 
tion is, the nature of the reflecting body remaining the same, the 
more considerable is the portion of light thus dispersed, and the 
more feeble, on the contrary, is the specular reflection. To be 
convinced of this, we need only take a plate of glass, having a 
plane but unpolished surface, and to present it successively, un- 
der difierent angles of obliquity to a solar ray, introduced into a 
dark room. When the ray meets the plate in a direction nenrly 
perpendicular to its surface, the portion of light reflected specu- 
larly will be insensible ; the i*adiant portion, on the contrary, 
will be very strong, and will render the point of incidence daz- 
zling ; but by inclining the reflecting surface to the ray, we shall 
find that this portion becomes less, and the specular reflection 
beginning to take place, gives at first a feeble reddish light ; soon 
this light increases, and finally, when the ray becomes nearly 
parallel to the surface of the plate, it will be almost as strong 
and as White, as it would be from glass highly polished. Analo- 
gous results are observed, if instead of examining the reflection 
of a solar ray, we undertake to observe, by reflection from an 
unpolished plate, the images of very bright objects, for example, 
that of a building illuminated by the sun ; for while the incident 
rays make large angles with the unpolished surface, the images 
of the objects are not distinctly formed. But soon they will 

Opt. 2 



19 Catoptrics. 

begin to appear when the rays begin to be inclined to the reflect* 
ing surface ; and in the end they will become perfectly bright 
and distinct with the smallest inclinations. 

Now the direction of the incident ray in relation to the reflect- 
ing surface being given, let us inquire what will be the direction 
of that part of the light which is reflected specularly. For this 
purpose we may make use of the instrument represented in 
figure 1, which we shall hereafter have occasion to use. It con- 
sists, in the first place, of a circular plane AZB^ placed verti- 
cally upon a firm stand capable of being levelled. The circum- 
ference AZB is graduated, and carries too metallic indices S, O, 
turning on the same centre and having two small holes S\ O, at 
equal distances from the plane of the circle. At the centre C is 
placed a plate of polished glass, CG^ which, by means of screws, 
is fixed perpendicularly to the plane of the circle ; it conse- 
quently takes a horizontal position when the circle is vertical. 
In order to give it this adjustment the plane of the circle is first 
rendered vertical by being directed to the vertical bars of a win- 
dow frame or other vertical object ; a spirit level is then placed 
upon the glass plate, and the plate is moved by means of its ad- 
justing screws till this level indicates a horizontal position. Fi- 
nally, above this glass and before the centre of the circle is 
fixed ia metallic plate, or thin wedge, the rectilineal edge of 
which CL forms a straight line, proceeding from the centre C 
perpendicularly to the plane of the circle ; and upon this line is 
made a light stroke C^, at the same distance from this plane with 
the hole in the indices; so that the three points, 5, 0, C^, are 
always in the same plane parallel to the graduated circle. The 
instrument is now to be placed before an open window, so that 
the light from abroad may enter the hole 5, and fall upon the 
glass under different angles. The index is moved backward 
or forward till the image of the hole S is seen through the open- 
ing at exactly upon the edge CL of the central plate. It is 
shown by experiment that this is possible ; and the point of inci- 
dence is always found to fall precisely upon the stroke C^, there- 
fore, the incident ray and the reflected ray are comprehended in the 
same plane perpendicular to the reflecting surface. This is the first 
fundamental law of reflection. Moreover, the two rays meeting 
at the axis CC' of the graduated circle, their respective inclina- 
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tions to the reflecting surface are measured by the arcs BS, w20, 
which may be read off upon the graduated circle, the divisions 
commencing at the horizontal diameter AB. This being done, 
it will be found that for all possible positions of the indices, the 
incident and reflected rays make the same angle with the reflecting 
surface* This is the second general law of reflection, and being 
taken in connexion with the preceding, it determines all the cir- 
cumstances of this phenomenon. 

8. Through the point of incidence C suppose a line C^Z', 
drawn perpendicularly to the reflecting surface ; the angle 
S'C'Z'^ formed with this perpendicular by the incident ray" is 
commo-^ily called the angle of incidence^ or simply the incidence^ 
and (yC'Z' is called the angle of reflection. The second general 
law of reflection, therefore, deduced from the preceding obser- 
vations, is, that the angle of reflection is always equal to the angle 
of incidence* 



Of the Plane Mirror* 

9. The laws of reflection being known, it is easy to deduce 
from them the appearances which are observed when the reflect- 
ing surface is a plane. 

Let S be a radiant point, the eye, and ^B the reflecting Fig. 2. 
plane, which I shall suppose for the present of indefinite extent. 
Among all the luminous rays which proceed from S, there will 
be one, as S/, which, after being reflected, will go to meet the 
eye at O, in the direction 10. Then the angles SL3, 0/iB, will 
be equal, according to the second law of reflection. Now draw 
from the point S, a perpendicular Sw2, meeting the reflecting 
surface in A^ and produce this line on the opposite side of the 
mirror to Z), making jID equal to AS. From the point D draw 
the straight line DO to the eye ; DO^ it is manifest, will be the 
direction of the reflected ray, and the point S, where it cuts the 
surface of the mirror, will be the point of incidence. Moreover, 
if the luminous object and the eye are considered as mathemati- 
cal points, without sensible extent, the ray, thus determined, is 
the only one which can be reflected to the eye. But the pupil 
or opening through which the light is admitted into the eye is 
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not a mathematical point, but a circle of sensible extent which 
in man is about 0,08 of an inch in diameter, and which may be 
represented by LL. All the reflected rays which can enter this 
aperture will reach the retina and contribute to vision. Now 
each of these rays is determined by the construction just given ; 
whence it is evident that they will form a pencil or cone 
with a circular base, the vertex of which will be X), and 
the base LL. It is a fact, that when the eye estimates freely 
the distances of luminous points, it supposes them placed at the 
point from which the rays that enter the eye diverge. Thus to 
the eye situated at O, the luminous point, seen by reflection, will 
appear at the point J?, that is, as far behind the mirror as it 
really is before it. 

If the radiant object has a definite extent, each of the radiant 
points, presented by it, will produce its own particular image, 
according to the laws which we have just explained, and the 
assemblage of these images will compose the image of the object- 
Suppose, for example, that this object is an arrow 55' ; the 
point 5 of the arrow will have its image at D^ the image of the 
other extremity will appear at !>, and the intermediate points 
will be seen in the straight line Diy. Thus the entire image 
will be comprehended between the extreme reflected pencils 
DO^ D'0\ its absolute magnitude DLy will be equal to that of 
the arrow itself; but it will appear inverted from right to left. 

According to what we h^ve just now said respecting figure 3, 
each point of this image is regarded by the eye as situated 
where it is actually fixed by our geometrical construction. If 
we substitute, therefore, in the place of this image a real and 
similar object, that is, an arrow in every respect equal to SS\ 
placing its point at D, and its base at U^ and if we look at it 
from the point O, the mirror being removed, we shall see it pre- 
cisely as we see the image Diy, having the same magnitude, the 
same visual angles, and the same degree of brightness, since all 
the luminous points which compose the real object would trans- 
mit to the eye cones of luminous rays exactly similar to those 
which seem to proceed from the image. It hence follows that 
objects are seen in the plane mirror with the same forms, the 
same brightness, and at the same distance, as they would be if 
viewed through the medium of the air, provided that the quan- 
tity of light is the same in the two cases ; for we must make 
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allowance for the portion of light which is transmitted when the 
mirror i^ transparent, or absorbed when it is opaque* 

10. What has now been said is sufficient for the resolution of 
all probleiQS which may occur respecting reflection and vision 
by plane mirrors. 

As the reflection of light takes place rigorously according to 
the law we have just demonstrated, it may be eiDployed with 
great advantage in measuring the angles formed by two plane 
and polished surfaces. As this measurement is necessary in a 
great number of physical inquiries, and as no other method has 
ever been employed suflScjently nice and accurate for this pur^ 
pose, I shall give some simple examples of the process. 

When we operate upon bodies having faces of a sensible ex* 
tent, for example, on prisms cut and polished by art, like those 
which are employed in optical experiments, we make use of 
the instrument which has already been applied to determine 
the laws of reflection. For this purpose, instead of bringing the 
glass plate GG in contact with the edge CL^ it should be placed 
at the distance of about ^-^ of an inch, being always made per- Fig. 5. 
pendicular to the plane of the circle, by means of the adjusting 
screws with which the instrument is provided. In order to give 
it this position without other aid than that which the instrument 
affords, we move the index O nearly to the highest part of the 
circle, and placing the eye behind it, we regulate the glass so 
that the reflected in^age of the hole O and that of the eye shall 
return through this hole from the fixed mark O upon the edge 
CL. When this takes place we are sure that the ray OC, par- 
allel to the cirple, is at the same time perpendicular to the glass, 
and reciprocally that the glass is perpendicular to the plane of 
the circle. We then place upon the glass one of the faces of the 
prism whose angles we wish to measure. The edge of the prism 
is now made to slide under CL^ by turning it in such a manner 
that th^ i^pper surface shall also be perpendicular to the plane 
of the circle ; and this condition is fulfilled when, the index ^S 
being placed in any point of the circumference, its iqiage, as 
seen through the other index, moved to a corresponding point, 
appears on the mark O. Let S and O be the positions of the 
two indices answering to this condition. Then it is evident that 
.AT, the centre of the arc SO (a point easily determined by means 
of the divisions upon the arc) is in the direction of the line rais- 
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cd from the centre C perpendicularly to the reflecting surface. 
Moreover, CZ is perpendiculai* to the other face ; therefore the 
angle ZCK^ measured by the arc ZK^ is the angle comprehended 
between the two surfaces of the prism, and which it was propos- 
ed to determine. This ingenious method, which was invented 
by M • Cauchoix, requires but little time and is very accurate 
in its results. 

11. The same principle differently applied, has led to a great 
number of instruments analogous to this, which are called goniom- 
eters, that is, instruments for measuring angles. They will be 
easily understood after what has now been said, for the means 
of observation and verification are essentially the same in all. 
I shall nevertheless describe that invented by Dr Wollaston, 
because it is particularly applicable to mineralogy. 

This instrument, represented by figure 7, is composed of a 
vertical circle of copper, graduated on its edge, and turning 
about a horizontal axis ^A» It is itself supported upon a verti- 
tical foot CP. Within the axis AA, made hollow for the purpose, 
turns the axis a a, the projecting extremity of which carries sev- 
eral pieces having rectangular movements, upon which are 
fixed, with pincers or wax, the crystal whose angles are to be 
measured. To make use of this goniometer, we stand before 
a building having several horizontal lines parallel to each other ; 
we then place the base of the instrument on some horizontal 
plane, so that the limb shall become vertical and perpendicular, 
or nearly perpendicular, to the lines which are to be employed 
as sights. The first condition is easily fulfilled by arranging 
the plane of the limb along some of the vertical lines presented 
by the building. This being done, we place the eye very near 
the crystal, and looking at the building by reflection from one of 
its faces, we turn this in such a manner, that one of the horizon- 
tal lines the most elevated, thus seen, shall coincide with one of 
the inferior lines seen directly, I shall mention soon how we 
may arrive at this condition. When we have obtained it, we 
turn the. interior axis a a, until the same coincidence shall be 
observed likewise on the other face, whose inclination to the 
first we wish to measure. We arrive at this by several 
trials. Now when this coincidence can be thus obtained succes- 
sively upon the two faces without changing the place of the 
eye, without touching the crystal, and by the rotation merely of 
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the axis a a^ we are sure that the intersection 6f th^ two surfaces, 
is exactly horizontal, and consequently parallel to th^ axis a a* 
Then we do not touch the crystal, but setting out from onie of 
its positions, in which the reflection is observed on one of the 
two surfaces, we turn the limb until the reflexion and the coinci-. 
dence are observed likewise on the other. This motion takes 
place by means of the great axis AA^ which turns with the axis 
a a, the crystal and the limb. The arc by which this has turned, 
is measured by the division traced upon the limb, and it is evi- 
dently equal to the supplement of the angle formed by the two 
surfaces. But the division traced upon the limb is written in a 
manner to indicate the angle itself, at least when we first put 
the index on the point zero. 

In order that the application of this method may be easy and 
sure, it is necessary that the dimensions of the crystal and its 
distance from the eye should be infinitely small, compared with 
the distance of the objects used as sights. For if this is observ- 
ed, the fixed position of the eye is no longer a necessary condi- 
tion any more than it is in observations made at sea with instru- 
ments of reflection. Thus by placing the eye very near the 
, crystal, the approximation of the lines of sight may be considered 
as indefinite. Dr Wollaston was accustomed to place the instru- 
ment in a chamber at some distance from the window, the bars 
of which were used as sights, and of which the upright parts 
served to place the instrument in a vertical plane. But without 
the address of this practised observer, sights so near could not be 
safely employed ; for the liability to error increases with their 
nearness. We may in general make use of the horizontal 
and vertical lines of an edifice sixty or eighty yards distant ; 
then, to render the first face of the crystal perpendicular to the 
limb, we first direct the shaft /o parallel to its surface; then, Fig. 8. 
without taking it from this direction, we turn it up6n its axis 
until the reflected image of one of the horizontal lines becomes 
parallel to the direct image, and a coincidence may be efiected 
by the mere motion of the axis a a. We then see if the same 
condition is fulfilled for the other face of the crystal, and as in 
general we find it is not, we efiect it by turning the branch h c 
about the point c without touching the shaft to\ this motion being 
perpendicular to the plane of the limb cannot alter the perpen- 
dicularity of the first face ; but for greater security we turn the 
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wbkli is not known to us ; anJ such is the nature of ihe under- 
standing, that wc cannot without ihU aid, follow tbe connGxion 
of a series of facts, the principli? of which is not discovered. It 
is thus ih.it the astronomer, who is unable to comprehend gen- 
erally in his formulas the course of a heavenly body, when it u J 
very complicated, calculates successively the different parts of I 
its path adapted to different orbits, which are not respectii-e^ 
appHcable, except through a small extent, and which are changej 
according as it is found that they become erroneous. ' 

When we consider light as an actual emission from the liimi 
nous body, the phenomena of specular reflection seem, at firi 
sight, to be simple results of the elasticity, which causes the lumi 
nous panicles to be reflected from the surface of polished bodie^ 
as an ivory ball rebounds from a marble table, making the angU 
of reflection equal to the angle of incidence. But this idea wbicli 
first presents itself, and which was also first adopted, will noi 
bear examination. 

22. Without being acquainted with the absolute dimensions of! 
the particles of light, it will be readily understood that ihg 
must be exceedingly small, so small that the most powerful mE 
croscopes cannot magnify them to a perceptible size; if it werf 
otherwise, how could they pass, as they do, through large 
masses of glass, water, and other transparent substances, not', 
only without any retardation, but, as we shall presently ahov,- 
with an accelerated motion. And finally, when with thei^ 
incredible velocity, they fall by millions every instant upon the 
delicate membranes of the eye, how happens it that the orgaA 
is not torn in pieces, and that we do not suffer a thousand pangBj 
unless it be true that the particles are so minute as to render thea 
impulse almost insensible? Now I ask what proportion then 
can be between the particles of light and the inequalities whic| 
still remain upon bodies, polished by processes of art? And cor 
sidered in relation to light, what difi'erence is there betweei 
bodies polished and unpolished ? For in polishing bodies we onlj 
rub them, as it were, with small and hard particles .of dus^ 
which indeed remove their greater inequalities, but leave then 
furrowed in every direction. But these particles of dust, whici 
we can recognise with a microscope and even discover with thi 
naked eye, are vast masses, and the furrows which they leave 
upon bodies arc of immense depth, compared with the particles of 
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l^ht. K light, therefore, coming in actual contact with the sur- 
face of bodies, were reflected by the mere force of elasticity, the. 
little particles of which it is composed would be dispersed in 
every direction by the elevations, or lost in the deep cavities, of 
these bodies; and reflection from the most carefully polished 
would be hardly more perfect than that from the most rough. 
But, since reflection from polished bodies is much more abund- 
ant, more perfect and regular, we infer that it is not the mere 
mechanical efiect of elasticity, and that the particles of light do 
not come in actual contact with the polished surface. 

23. The force by which the rays are ref)elled, acts therefore 
at a distance from the solid surface. It acts, moreover, in gen- 
eral, unequally upon the different particles of the same ray. For 

in most cases, in which reflection takes place, one part of the • 
incident light is reflected ana another transmitted, either because 
the repulsive force is variable in its action, being at one moment 
more active and feeble than at another ; or, as seems most pro- 
bable, because all the luminous particles which follow each 
other successively in the same ray, are not, at the moment of their 
incidence, in the same physical state, and equally susceptible of 
being repelled. 

24. As to the nature of the reflecting force, we are entirely 
unacquainted with it. We do not know whether it belongs to 
the particles of the reflecting body or to those of light ; whether 
it acts by repulsion or attraction ; and, considerii^g only its gen- 
eral effects, we might represent it by numberless mechanical 
causes. But without attempting to determine its nature, we may 
always compare it to a repulsive force acting at the points of 
incidence, and tending to repel a certain number of the particles 
which compose the incident rays. 

Let us suppose that the waving line ^B represents the plane Fig. 21. 
surface of a body covered with natural asperities, or those which 
art cannot remove, and let us imagine that all the points of this 
surface, or more generally, that all the particles of the two con- 
tiguous media which compose it, exert at a certain distance a 
repulsive force upon the luminous particles which approach it. 
This force must be very powerful at the distance where reflec- 
tion takes place, since it is then sufficient to destroy the prodig- 
ious velocity with which the particles of light are impelled, and 

Qp*. 4 
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to turn them back in the opposite direction ; but it must diminish 
rapidly as the distance increases. For, if it were otherwise, the 
direction of the reflected rays would be affected by the parts of 
the reflecting body, which are at a sensible distance from the 
point of incidence, and then this direction would depend upon 
the general form of the reflecting surface, whereas it is deter- 
mined solely by the direction of the superficial element, which 
the ray strikes upon ; and it really takes place as if all the 
rest of the reflecting surface did not exist. Moreover, if the 
thickness of the reflecting body be gradually reduced by grind- 
ing away the second surface A^B'^ without altering the first, the 
regularity and amount of the reflection are not at all effected, 
at least till the body is brought to an extreme degree of thin- 
ness, scarcely attainable by art. Thus the particles situated at 
a greater depth than this limit, cannot extend their influence to 
the reflecting surface, or at least to the distance from it at which 
reflection takes place ; and since their force, which is so great 
at very small distances, is diminished to such a degree as to 
become insensible at a little depth, it follows that it decreases as 
the distance varies with very great rapidity. This will, there- 
fore, be one of the characters which we ought to recognise. 
25. Let us now suppose that a beam of parallel rays of light 

Fig. 82. SJtf, S'Jtf', falls at any angle upon the reflecting surface AB of 
indefinite extent, and let us consider what takes place with res- 
pect to the luminous particles JIf, J(P, when they are near enough 
to begin to feel the repulsive action of the particles of the 
body. If the surface is perfectly plane, as ^JB, or which is 
the same thing, if its inequalities are insensible compared with 
the distance to which the repulsive force extends, the activity of 
this force will be the same at every point of the surface, ajid 
consequently, the effect upon all the particles of light M^ M' 
whose directions, velocities, and dispositions are the same, will 
be equal. This is the case with polished bodies ; but if the 

f^s- 23. reflecting surface is broken up with large elevations jB, £', E'% 
separated by deep cavities, F, F\ the reflecting force cannot be 
equal at all these points. It is evident, for example, that the 
luminous particles which enter the cavities will not be reflected 
in the same direction with those which fall upon the inclined 
sides of the elevations, nor those which fall upon the sides like 
those which fall upon the summits. It may even happen that 
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those "which enter the cavities are not reflected from them at all, 
being driven downward by the repulsion from the elevations. 
Such a surface can only produce a weak and irregular reflec- 
tion, like that which takes place at the surface of unpolished 
bodies; nor is it necessary that the inequalities of the surface 
should be so large as to be perceptible to the touch or to pro- 
ject sensible shadows from the one to the other, in order to pro- 
duce such an effect ; it is sufficient that they are of sensible dimen* 
sions, compared with the distance to which the reflecting force 
extends. Of this kind are the inequalities of plane gl^ss which 
has not yet been polished, It is plane if we consider only the 
general direction of its surface; we can neither measure the height 
f of its asperities, nor obtain points sufficiently small to be introduc- 
j cd into its cavities ; but these inequalities are too great for light, 
, and the oppositions resulting from them in the direction of the re- 
pelling force, weaken the general repulsion while it makes it irreg- 
ular. To remedy this inconvenience we endeavour to remove, or 
at least to. diminish, these asperities by rubbing the surface of the 
glass with some substance whose own asperities are easily over- 
come, as paper or taffeta, stretched and made smooth by fric- 
tion ; but we should effect the same purpose by diminishing the 
velocity of the luminous particles, which the repulsive force 
must overcome before reflection can take place. Now this we 
do in fact by rendering the direction of the rays more oblique 
to the reflecting surface, that is, by causing them to form a less 
angle with its direction. For, if we conceive the velocity of the 
incident particle of light to be decomposed into two others in 
rectangular directions, of which one is parallel to the reflecting 
.surface, and the other perpendicular to it, it is evident that only 
the. latter will require to be overcome by the repulsive force of 
the surface ; and it is also evident, that this will diminish as the 
incident ray becomes more oblique. But besides this, the obli- 
quity is favourable to reflection in another way ; for the luminous 
particles penetrate less directly into the cavities at the surface 
of the reflecting body, and are more exposed to the action of the 
summits of its elevations, which form a surface sensibly plane 
(for to this state we suppose the body reduced,) and produce a 
uniform repulsive force throughout the whole extent of its super- 
ficies. Indeed, we find by experiment that reflection is nearly 
ihe same from polished and unpolished glass, when the luminous 
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which serves lo measure refraction, and we observe the devia* 
tion of the luminous rays as in a solid prism, regarding only those 
ivhich pass through the cavity in which the liquid is enclosed. 
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39. The refraction of the gases is observed in the same way 
as that of liquids, by introducing them into prismatic vessels, 
the faces of which are closed by parallel plates of glass ; but 
there are few particular modifications depending on the constitu- 
tion of these substances* 

The gases have much less density than solids or liquids, 
and their refraction is much less at the same angle. To render 
it sensible, therefore, we are obliged to increase considerably the 
refracting angle of the prism in which they ar^ confined. Borda 
had one constructed with an angle of 145° V 28'', with a large 
cylindrical, hollow tube of glass, the two ends of which were 
cut into a prismatic form, and closed by glasses with parallel 
faces, carefully luted. The tube was pierced at bottom, and pro- 
vided with a cock, capable of being attached either to an air- 
pump or to a receiver, by which means a vacuum might be pro- 
duced within the prism, and the gases under examination intro* 
duced. We have before said, that for the same substance the 
refraction is changed by a change of density ; but the density ef 
gases varies rapidly with a change of temperature or pressure. 
To be able to compare the results of different experiments, we 
must take into account these two elements. 

40. To measure the pres«^ure, we attach to the prism a verti- 
rig.34. cal tube TF, communicating with its interior, and enclosing a 

syphon barometer the open branch of which is long enough to 
permit the mercury to rise to a level, when a vacuum has been 
produced in the prism. The height at which the mercury of 
this barometer is supported by the gas within, determines the 
pressure. To ascertain the temperature, we might insert into 
the prism a small thermometer ; but it would be necessary to 
place it in the middle of its capacity, which would intercept the 
light ; on this account it is better to suspend two very sensible 
thermometers without the prism, and very near it, or even in 



Refraction of Aeriform Substances. 4S 

contact with its faces. The temperature of these faces, as indi- 
cated by the thermometers, may be taken without sensible error 
for that of the gas and air which touch them within and with- 
out; for we know how \ery easily gases acquire the teraperatirre 
of surrounding objects. We take every precaution, moreover, 
that the temperature of the place where our experiments are 
performed, may vary but little during the experiment, and espe- 
cially that it may vary very slowly. 

This prism is then mounted upon a foot perpendicular to its 
kngth, by which it is fixed in a horizontal position. The place 
of observation and the object which we look at should be 
chosen in such a manner that this object may lie in the horizon- 
tal plane passing through the centre of the prism. We then 
observe the deviation with a repeating circle, the limb of which 
IB also placed in the same plane, at first by approximation, and 
afterwards exactly, by the condition that the upper telescope, 
being turned from the direct object to the refracted image, they 
shall both be found to be on the same horizontal wire, stretched 
in the interior of the tube. To verify this horizontal position of 
the wire, it is well that the signal be placed in one of the faces 
of some large building which presents in its construction long 
level lines, by one of which we may be governed. Then the 
best of all sights is a vertical lightening rod which throws a dark 
line upon the vault of the heavens. 

41. Here as well as in the case of solids and liquids, the method 
of observation consists always in directing the upper telescope 
of the circle alternately toward the direct object and the refract- 
ed image, in order to measure the angle of deviation. But as 
the deviation for gaseous substances is always extremely small) 
even with the large prism here supposed, it is necessary, in 
<M*der to obtain its value exactly, to multiply our observations, 
and to take the mean of the results, that opposite errors may 
balance each other. This is done by a repeating process, found- 
ed principally on turning the prism from right to left, and from 
left to right alternately, so as to admit of our observing the devia- 
tion successively with the same telescope in these two positions, 
as is represented in figure 35. 

We naturally attempt first to measure the refraction of at- 
mospheric air. In this case we exhaust the air from the prism 
by means of the air-pump* This operation does not produce an 
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absolute vacuum ; but when the density of the interior air is 
very much reduced, so as to support the barometrical column at 
the height of only a small part of an inch, this height is observed, 
and account taken of it in our calculations. We have, therefore, 
a prism void, or nearly void, of air, immersed in the surrounding 
atmosphere ; the luminous rays must consequently, in penetrat- 
ing it, suffer a deviation, determined by the excess of the re- 
fracting power of the exterior air, and thb in fact takes place. 
If the upper telescope of the circle is first directed immediately to 
the object through the air, when we afterwards come to inter- 
pose the prism, the deviation is considerable ; this is the effect of 
the refraction of the air. If the telescope be brought again to 
the object, by moving the limb, and the prism be then turned 
half round, the deviation is doubled, and the object twice as 
much displaced. For example, in our experiments, the prism- 
was placed in one of the chambers of the Luxembourg fa- 
cing the observatory, whose lightening rods were the points 
of sight. The turning of the prism carried the wire of the 
telescope from one side of the building to the other; or, to 
speak more exactly, the telescope remaining immoveable, the 
edifice seemed to move to the right and to the left of the wire 
the whole of this distance. Yet w^e could perceive no sensible 
dispersion, though undoubtedly there was one produced ; but it 
was too small to be perceptible. 

42. If We would observe the refraction of the air at different 
densities, the process is the same ; we only exhaust the air to 
the proposed limit, which is indicated by the interior barometer. 

When we wish to observe other gases, we must first exhaust 
the air from the prism as far as possible ; observe the density 
of what remains, and then introduce the gas. This introduc- 
tion is effected by means of a pneumato-chemical bath of water, 
or of mercury, if the gas is liable to be dissolved in water. It is 
necessary that the prism, and the vessel containing the gas, 
should be connected by a double stop-cock, as in the weighing 
of gases, in order to avoid tl)e water-bubbles which might make 
their way into the neck of the instrument. 

If we wished to obtain a dry vacuum in the prism, or dry 
gases, we should place in the glass tube which surmounts it a 
quantity of caustic potash to absorb the humidity. When this 
and similar substances act in a void, the absorption is almost 
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instantaneous ; but in the air or in gases, a certain time is neces- 
sary for the vapours to be precipitated and to combine with the 
alkali. If, on the contrary, we wished to observe the refraction 
of aqueous vapours, it would be necessary to employ every 
means to moisten the air in the place where we make our obser- 
vations, by sprinkling water, suspending wet cloths, and espe- 
cially by raising the temperature; but we must avoid intro- 
ducing these vapours into the prism, for being deposited upon 
its faces they would affect the passage of the light. 

In all that we have said, we have supposed that the glasses 
ivhich form the faces of the prism have their two surfaces ex- 
actly parallel. When great care is used in their construction 
this is perhaps nearly true, but it is highly improbable that the 
condition is ever rigorously fulfilled. But as the refraction of 
glass is very powerful, while that of the air is feeble, it is easy 
to see that an error of this kind must very much affect our re- 
sults. To determine its effect, we open the stop-cock of the prism 
or even detach the glass tube which surmounts it, in order to 
give free access to the external air. We then observe the devia- 
tion in these circumstances, as we should with the prism void or 
filled with gas. If the surfaces of the glasses are exactly par- 
allel, the object will not be removed from its place by turning 
tbe prism, since the interior and exterior air of the prism will be 
exactly homogeneous and of equal density ; but if we observe 
any deviation, it will necessarily be produced by a defect of 
parallelism; and this quantity must be added, with its proper 
sign, to each of our other observations ; for it is with this as with 
all very small quantities, of which the partial effects are only 
to be added to each other to obtain the total effect. 

Having now explained every thing which concerns the ar- 
rangement of the apparatus and the manner of making the obser- 
vations, it remains only to determine the ratios of refraction of 
the air and of gases. This is a simple subject of calculation*! 

t For the necessary formulas see Blot's Traits dc Physiqiie. 
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Of Spherical Lenses. 

43. The methods which we have employed to calculate the 
deviations of the himinous rays in their passage through prisms 
terminated by plane faces, may be applied to the general case 
in which the refracting medium is terminated by any curved 
surfaces whatever. For here, as in reflection, we may compare 
the luminous rays to mathematical straight lines, whose refrac- 
tion for each point of the surface takes place in exactly the 
same way as it would do in the tangent plane. It is suflScient, 
therefore, to calculate the positions of this plane for each point 
of incidence, in order to determine the deviation of the luminous 
ray ; and this calculation is always possible when the form of the 
surface is given. 

In the common applications of optics it is not necessary to 
make our calculations so general; for in our experiments we 
make use of spherical glasses only, since there are no other 
forms which can be exactly and easily executed ; it is suflBcient, 
therefore, to analyse and calculate the refractions .which these 
produce. To do this with all possible simplicity, and to com- 
prehend the results indicated by analysis, we must first take 
a general view of the sort of glasses in question and make our- 
selves acquainted with their principal properties. 

If we imagine a straight line, or axis^ drawn through the cen- 
tres of the two spherical surfaces which terminate such a glass, 
and that a cutting plane then passes through this axis, we shall 
have the profile of this glass, which, according to the directions 
of the curvatures that may be given to the two faces, will ne- 
cessarily have one of the forms represented in figures 36, 37, 38, 
39, 40, 41. These different forms are distinguished by the fol- 
lowing names which are generally adopted. 

Fig. 36. (!•) The double-convex glass. This glass is called ?l lensj 
(the Latin word for a lentil, which it resembles in shape,) and 
the name has been extended to all the other spherical glasses. 

Fig. 37. (2.) The plano-convex lens. We speak of the concavity or 
convexity, always, in relation to objects situated without the 
glass. 
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(3.) The concavo-convex. The difference of these two forms Fig. 3s, 

39 

is, that the first is thinner at the edge than at the centre ; and 
the second, on the contrary, is thicker at the edge than at the 
centre. We shall soon see the peculiarities which result from 
this difference of construction. 

(4.) The plano-concave. Fig. 40. 

(5.) The double-concave. Fig. 4i. 

All these forms of lenses agree in this, that the planes tangent 
to the two spherical surfaces which terminate them, are at first 
parallel to each other at the points w3,, A^^ where the lens is 
pierced by its axis ; from this point to the edge of the glass, the 
angle of the two tangent planes goes on increasing more and more, 
and symmetrically on each side of the axis. A luminous ray, 
which passes through such a glass, is refracted precisely as it 
¥rould be in passing through a prism formed by the two planes 
tangent to the points of incidence and emergence. A spherical 
lens of any form whatever, may be considered therefore as an 
assemblage of such prisms, or as a prism of a variable aperture, 
the refracting angle of which, being nothing at the axis j},^^ 
of the lens, afterwards goes on increasing to its edges. 

Accordingly all the forms of spherical glasses which we 
have been describing, may be divided into two classes, ac- 
cording as the base or the point of the refracting prism is turned 
toward the axis A^A^^ of the lens. The first class will compre- 
hend the figures 36, 37, 38 ; the second the figures 39, 40, 41. 

It is easy to understand the influence of this different arrange- 
ment of the prisms upon the course of the luminous rays. For 
if we suppose a beam of incident rays parallel to each other and 
to the axis A^A^ of the lenses, it is evident that all those of the 
first class, will refract these rays toward the axis A^^ A^^ while 
those of the second class, on the contrary, will turn them from 
it* Thus the first will cause the incident light to converge, and 
the latter will make it diverge ; these two kinds of lenses are 
hence called converging and diverging glasses. 

44. Let us examine more particularly the manner in which 
these phenomena are produced, and let us begin with the first 
kind of lens, of which we have a general representation in figure 
42. Among the rays which compose the incident beam parallel 
to the axis A^A^^ there is one SA which coincides with this 
axis itself. This passes through the lens at the points where . 
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the two surfaces which terminate it are parallel. Moreover, its 
incidence and its emergence take place perpendicularly to these 
two surfaces. It therefore suffers no deviation, but passes on in its 
original direction SA^A^F. But it is not the same with the inci- 
dent rays situated at a little distance from the axis. These suf- 
fer a very sliglit refraction on account of the small refracting 
angle of the prism through which they pass. They will, there- 
fore, cut the first ray somewhere as in F. As the incident rays 
depart from the axis, their deviation increases, and they will cut 

each other successively mF^^F^^ , and the assemblage of 

all these intersections, supposed, when taken two and two, to be 
infinitely near to each other, forms in general two branches of a 
curve which begin at the point F, where the rays nearest the axis 
cut each other, and terminate at the point F in the last ray 
which passes through the edge of the lens. These curves are 
named caustics. But when the surfaces of the lens include but a 
few degrees of the spheres upon which they were formed, we find 
by experiment that the greater part of the rays meet at F, rather 
than in any other place, so that the curve FF^F^ is almost en- 
tirely concentrated in that, to which we give the name of the 
principal focus. The distance of this focus is sensibly the same 
for every lens, whatever be the distance of the faces which are 
presented to the incident rays. 

45. Reasoning in the same way with respect to diverging 

Fag. 43. lenses, of which the general form is given in figure 43, it will be 
seen that they must form two branches of a curve FF^F^y 
also symmetrical above and below the axis ; but the principal 
focus F of the rays near the axis falls on the same side of the 
lens with the incident rays ; and there is no real concentration of 
light at this point, nor at any other point of the curve of inter- 
section. This curve then indicates only the imaginary place of 
meeting of the emergent rays produced. 

In all the figures which we have yet examined, the lenses are 
represented as perfectly symmetrical about the axis A^A^^so 
that this axis contains also the centre of figure of their exterior 
surface. In this case, the glass is said to be exactly centred ; 
and this is a very important condition in all optical experiments, 
as we immediately perceive. When it is not fulfilled, the thick- 
ness of the lens at its edge is necessarily unequal, as appears in 

Fig. 44. figure 44, in which A^A^ is really the common axis of the two 
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spherical surfaces while J},, B^ is the apparent axis drawn 
through the centres of the two circles which form the exterior 
contour of the glass. 

Hence it follows that converging lenses are necessarily cen- 
tred when they are sharp at the edges; for their thickness at 
these edges being nothing, it will evidently increase uniformly on 
every side toward the centre of the figure, where the two sur- 
faces will be parallel. When we have learned how (o determine 
by experiment the position of the foci, it will be seen that we 
may make nse of this determination with much accuracy to 
verify the centring in every kind of lens. 

46, After what we have said above concerning the formation 
of caustics, it will be readily perceived, that in lenses as well as 
in mirrors, the concentration of the rays will be so much the more 
perfect as they pass nearer to the axis of the lens. Hence in 
optical instruments, we are often obliged to cover the edges of 
the lenses and a portion of their surfaces with opaque circular 
rings, which are called diaphragms. The luminous rays fall 
then only on the circular and central portion of the lens which 
has not been covered. The diameter of this remaining portion 
is called the aperture of the glass. 

In optical experiments which require much accuracy, this 
aperture is made very small compared with the radii of curva- 
ture of the lens, and no rays are admitted but such as are very 
little inclined to the axis which joins the centres of its surfaces ; 
these are the only means of obtaining distinct and well defined 
images. It hence results, that both in their incidence and their 
emergence, the luminous rays meet the surface of the lens almost 
perpendicularly ; which reduces the deviations they experience, 
and greatly facilitates the calculations by which we determine 
them. 

47. To fix the circumstances of the passage of the rays and 
the formation of the image geometrically, let us first consider 

a single radiant point 5, placed before the first surface of a p 4- 
spherical lens. Through this point and the axis of the lens, 
draw a plane cutting the glass in the direction of one of its 
profiles A^A^MM. It is always to be understood that the 
rays proceeding from the point S are, during their whole course, 
▼ety little inclined to the axis A^A^X, and that their points of 
incidetice and emergence /,, /, are very near this axis in com- 
Opt. 7 
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parison with the radii of the two spheres to which the surfaces 
of the glass correspond. 

48. If several spherical lenses are placed on the same axis 
with the first, and the beam of light from the point S passes suc- 
cessively through them all, it is evident that such of the rays as 
are comprehended in the plane represented in the figure will 
continue in that plane, since it is perpendicular to the surfaces 
through which they pass. But the rays which vary from this 
plane either above or below, will pass successively into different 
planes of incidence and refraction, which, it would seem, must 
render their course very difficult to be calculated. Fortunately, 
this calculation is unnecessary when the angles of incidence and 
emergence are small, as we must always suppose them in optical 
instruments; for these rays are collected into very nearly the 
same foci with the others, so that it is sufficient to follow out the 
first rays in order to determine the place where the image o^ 
each radiant point is formed. Hence we have only to consider 
the course of the rays comprehended in the plane drawn through 
the radiant point and the common axis of all the lenses. 

Here, as in the case of spherical mirrors, all our results may 
be deduced from the principal focal distance, and the method is 
the same. It is this distance, therefore, which we must first de- 
termine ; and this is easily done when we know the radii of the 
two surfaces of the lens, and the ratio of refraction which be- 
longs to its substance. The focal distance is equal to the pro- 
duct of these two radii, divided by their difference, and by the 
ratio of refraction diminished by unity. This supposes the cur- 

^"^'39* ^2it"res turned in the same direction ; if they are in a contrary 
direction, we must take the sum of the radii, instead of their 

Fig. 36, difference. 

This being laid down, we may easily find the focus of any 
radiant point situated either in or without the axis. For, let 

p. ^ S be this point and MAA^M the profile of the lens, which I 
47. represent by a straight line to indicate that it is supposed to be 
very thin. Through the point S draw next the incident ray SI 
parallel to the axis AA^X-^ this ray after the two refractions, 
will pass into the principal focus f , so that IF will be the direc- 
tion of the emergent ray thence resulting. Draw now an- 
other incident ray SA^ directed to the centre of figure of the 
lens ; this will pass through the glass without deviation, siqce 
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the thickness being supposed infinitely small, and the two sur- 
faces at AA^ parallel, the lens has at this point the effect of an 
infinitely thin plane glass. It only remains, therefore, to produce 
SA in a straight line, till it cuts the first emergent ray in /; the 
point /will be the common focus of these two rays, and it will be 
the focus also of all those which proceed from the same radiant 
point S. Figure 46 represents the efiect of this construction for the 
converging lens, and figure 47 for the diverging lens. Expressing 
our operations algebraically, we obtain a general formula for de- 
termining the length of the focal distance w9/, and the position 
of the focus, for all. possible curvatures of the surfaces, and 
all situations of the radiant point. Hence it is easy to deter- 
Bsine the images of objects which have finite dimensions, for 
we have only to apply the same construction to all the cones of 
rays proceeding from the different points which compose it. 
Wc shall thus find the foci of these several cones, and they will 
together form the image of the object.* 



* As the formula indicated in the text is one that is very often 
used, I shall give an explanation of it here, making use of 6gure 47. 
We designate by A the distance AS of the radiant point from the 
centre of the lens, supposed to be infinitely thin. We denote also 
by A' the distance of this centre from the focus/, supposed on the 
same side with S, We call r the ray of the anterior surface of 
the lens situated on the same side with the radiant point i9,and H the 
ray of the second surface, both surfaces being considered as having 
their concavities turned towards S ; and lastly, we designate by n 
the ratio of refraction for the kind of glass of which the lens is 
made; the distance A' will always be connected with A by the 
ibllowing relation, 

In this formula the rays r, r% are considered as positive when the 
surfaces to which they belong are concave towards the radiant point. 
If, on the other hand, one surface is convex towards this point, we 
must give its radius the negative sign. Also the distances A, A', arc 
considered positive when they are situated on the side of the radi- 
ant point, as in figure 47. Therefore, if one of them, A' for instance, 
becomes negative by the disposition of the values of A, r, r', this will 
signify that the focus/ is formed on the opposite side of the lens; 
consequently beyond it, as in figure 46, and not on this side, as 
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Determination of the Images produced hy Diverging LenseSm Use 
of these Lenses in correcting shortsightedness. 

49. We shall first apply the method to diverging lenses. Let 
^^' ^' MAM be such a lens, of which A is the centre of figure ; and 
place the object SS' before its surface, at any distance whatever, 
provided it be such that the angles of incidence shall not exceed 
the limits supposed in our approximations. If from the extremity 
S of the object, we draw the line SA to the centre of figure of 
the lens, the cone of incident rays proceeding from the point 3^ 
will have for its axis SA^ and its focus will be found somewhere 
in this straight line, and on the same side of the lens (since it is 
diverging), for example, in /• The focus will be found in the 
same way in S'A as at /^ ; and these two foci comprehending 
between them all the others, /y* will be the image of the object* 
It will always be erect and smaller than the object, since it 
is comprehended between the sides of the angle SASf^ and 
nearer its vertex A. Moreover, the absolute value of its dis- 
tance from the lens will always be less than the principal focal 
distance AF^ and so much less according as the object itself is 
nearer the glass. 

According to this construction, when the luminous rays, pro- 
ceeding from the same point S or S' of the object, have passed 
through the lens, their course is exactly the same as if they had 
set out from the corresponding point /or y^ of the image. There- 

in figure 47. This always happens, for instance, in convergii^ 
lenses, when A is infinite, which renders - nothing. For then, ac- 
cording to figures 36, 37, 38, the ray r of the anterior surface be- 
comes negative ; and whether the other lens be convex or concavei 

" "*~ 179 ^11 rcnaaii^ ^ negative quantity. We shall then have 

rr* 

this is precisely the rule enunciated in the text for the cdculatioB 
of the principal focal distance AF^ 
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fore, if a spectator had bis eye situated at 00 on the other side of 
the lens so as to receive all these rays or only a part of them, he 
would see neither the points <S, S\ nor the points between them, 
but their image ff i and his eye would be affected in the same 
way as if the object had really become smaller, and had been 
transferred to the place where the foci are formed. He will 
thus see this imaginary object erect, diminished and brought 
nearer* But although these may be in fact the only elements 
of the sensation produced in the eye, yet we do not estimate 
correctly the distance and magnitude of the image, because our 
judgment is affected at the same time by other considerations, 
altogether Independent of the direction of the luminous rays. 

To convince ourselves of this singular fact, we may take any 
diverging glass, for example, that nearest the eye in an opera glass, 
which is usually double concave ; and look through it at objects 
which we will suppose to be very distant compared with the focal 
distance of the glass. When the eye is placed at a proper distance 
from the posterior surface, we shall see a very distinct image of 
these objects. It will appear erect like them and smaller, but 
instead of sujqposing it near the glass and in the focus /jP, where 
it is really formed, it will seem to us more distant than the ob- 
ject itself. This is because the sensation of the visual angle, and 
that of the greater or less divergency of the luminous rays which 
reach ns, are not the only elements from which we estimate dis- 
tances. We add to these, without being sensible of it, the im- 
pressions which we may have of the absolute dimensions of 
objects. A man seen successively at the distances 20, 40, and 
60 yards, appears always of the same absolute magnitude. 
Nevertheless the rays of light which render him visible at these 
different distances, cross each other on entering the eye under 
very different angles, since they are to each other nearly as 
the numbers 1, |, | ; so that were we to judge only from the 
openings of these angles, the apparent magnitudes would seem to 
US to decrease in the same ratio. 

^0. This habit of connecting tlie idea of abscdute magnitude 
with the sensation of the visual angle in judging of the distance 
of objects, is derived from the experience of our whole life, and 
it becomes as rapid as sensation itself; or rather, the sensation 
which is transmitted to the mmd when we look at an external 
object, is the compound result of these diQerent elements. But 
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the iDVoluntary application which we make of them, deceives u% 
when we look through a diverging lens ; for the objects which 
we had just viewed with the naked eye, of the absolute mag- 
nitude and distance of which we were consequently able to form 
a pretty accurate judgment, being suddenly presented to the 
eye with much smaller dimensions, we do not hence conclade 
simply that their images are smaller, but that they are further 
removed from us ; and no reasoning can prevent this conclusion 
being formed even when we know theoretically that it is fiBiIse. 

With the exception of this case, in which our senses are but 
poor judges, observation perfectly confirms the results indicated 
by theory ; this we may verify not only when the object is at a 
great distance, as we have just now supposed, but also when it is 
gradually brought near- If it be brought, however, very near 
the lens, it must be very small, and the refracting surfaces most 
be held nearly perpendicular to the rays which proceed firom it ; 
otherwise we should exceed the limits of incidence and emer- 
gence supposed in our approximations. 

In performing these experiments, we find that in order to see 
the image distinctly, we must place the eye at a certain distance 
from the lens, and this distance varies with different eyes. If 
the eye be brought nearer, the image becomes larger and con- 
fused. If, on the contrary, it be I'emoved, the image becomes 
smaller and more difficult to be seen distinctly. This results 
from the fact, that the eye is itself an optical instrument which 
cannot concentrate the rays with sufficient exactness for perfect 
vision, except when they fall upon its surface within certain 
limits of incidence. 

Suppose, for example, that the luminous point S, forms its 
Fig. 49. image in F^ and that this image appears distinct when the eye is 
placed at 00 ; then vision is produced by a cone of rays FOO 
which has for its base the surface 00 of the pupil, and for its 
vertex the point F. If the eye be brought nearer, suppose to 
CO, then the pupil intercepts a more diverging cone of rays, 
and consequently the rays FO^ which form the exterior surface 
of this cone, fall upon the eye with a greater angle of incidence. 
If this angle become so great that the eye cannot concentrate all 
the rays upon its retina, vision is necessarily confused ; and this 
in fact takes place when we bring the eye too near the lens, and 
consequently too near, the focus F, the common centre of the 



Diverging Lenses. 55 

emerging rays. If, on the contrary, afler having found the 
point where vision is most perfect, we remove the eye further 
firooi the lens, the image, which remains always in the same 
place, is at a greater distance from the eye. It ought, therefore, 
to appear smaller and less distinct in its outline, like other ob- 
jects when reo^oved from us ; and this actually happens. 

51. The least distance at which objects are seen differs with 
different eyes. Those persons who are shortsighted are obliged 
to approach the focus jP; those who are longsighted^ on the con- 
trary, find it necessary to go to a greater distance from it. The 
reason of this will be readily understood when we remember that 
this focus, from which the rays diverge, is to the eye as it were 
an object situated in F; and thus each one, in order to see it 
distinctly, is obliged to place his eye at the distance at which 
he would see a common object most distinctly. This distance 
is commonly from eight to ten inches, when we wish to distin- 
guish the mioute parts of small objects ; but some persons cannot 
distinguish objects placed at so small a distance ; and, on the 
contrary, there are others with respect to whom this distance is 
only two or three inches. The latter are called myopes^ or short- 
sighted persons, and the former presbytes or longsighted* 

52. It is not to be understood that distinct vision is, in every 
case, strictly confined to a particular distance. On the contrary, 
the eye is endued with a power by which it is enabled to adapt 
itself, within certain limits, to the different distances of objects. 
But beyond these the image is confused, and vision becomes im- 
perfect. Thus persons possessing the longest sight, cease to dis- 
tinguish the minute parts of objects when placed at a consider- 
able distance. But these parts disappear to shortsighted per- 
sons, even when the objects are very much nearer. 

The defect of shortsightedness may be corrected by placing 
a diverging lens between the object and the eye, as represented 
in figure 49. For by means of such a lens, there is substituted 
instead of the real object the image formed at its focus, and we 
have only to give to the lens a focal distance equal to that of 
distinct vision of the organ for which it is designed ; then by 
bringing it near the eye, the shortsighted person will see distant 
objects as distinctly as if they were situated near him, although 
he refers them to their true places. But he cannot use the same 
glasses, at least, when brought close to the eye, for the purpose 
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of seeing very near objects ; because the foci of the rays which 
proceed from them being formed still nearer the glass, the imag« 
of the objects would be too near the eye to be seen distinctly 
without fatiguing it. It is necessary, therefore, to employ lenses 
of a greater focal distance $ or, which is better, to dispense with 
them entirely, since it is these near objects which shortsighted 
persons perceive roost distinctly with the naked eye, and to 
reserve the use of diverging glasses for distant objects. The 
principal focal distance ought, moreover, to etceed a little that 
at which small objects are seen most distinctly; for the ey^ 
would be soon fatigued by the too near approach of the imftge. 
Such is the pur(X)se and operation of those sptctaclu by which 
shortsighted persons remedy the imperfection of their sight. 

It is plain that the glasses in question would be useless and 
worse than useless to the longsighted who cannot perceive near 
objects distinctly, on account of their being too close to the eye ; 
for, the foci of diverging lenses being always nearer than the 
object itself, the evil would only be increased. We must, in this 
case, therefore, seek some means of removing the image beyond 
the object which produces it ; and this purpose is effected by 
means of converging glasses, as we shall soon see when we have 
studied their properties. 



Method of determining tht Images produced by Converging LesisBi. 
Use of these Lenses in correcting the defective Vision of longsighted 
Persons, 

Fig. 5a ^3* Let MAM be a lens which we now suppose to be c<»i- 
verging ; and let SS^ be the object placed beyond the focal dis- 
tance of parallel rays. Through its upper extremity S draw the 
ray SA to the centre of the lens. This ray will be the axis of 
the pencil of rays proceeding from the point 5; and the leiiSi 
being supposed to be very thin, the focus of this pencil will be 
situated somewhere beyond the lens with respect to the point 5, 
as at/, for example, in 8A produced, as appears from our gen- 
eral construction. All the emerging rays which come from the 
point S will meet in this point from which thoy will pass on and 
diverge as if from a real object situated in the same place. If 
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we repeat the same construction for the other extremity S', we 
shall find its focus y^ in the axis S'A produced ; and in the same 
way we obtain all the foci of the intermediate points 5 whence we 
hoveff an inverted image of the object. The image is inverted 
because the foci are formed beyond the point where the axes of 
the pencils cross each other. 

This image will become sensible if it is received upon a screen 
of white pasteboard or ground glass placed mff\ it may also 
be seen iomiediately, if the eye be situated beyond this point, at 
the proper distance for seeing distinctly a real object occupy- 
ing the same place. 

54. If the luminous object Sfif, be situated at a very great 
distance, the image will fall on the opposite side of the lens, near 
the principal focus F* This furnishes us with the means of de- 
termining experimentally the focal distance of converging glasses. 
As the object approaches the lens, the image recedes from it 
increasing at the same time in magnitude. When the object is 
removed only by a quantity double the principal focal distance, Fig. 5K 
the image will be of the same magnitude ; if it be brought nearer, 
the image will be removed, the dimensions being increased ; 
finally, when it arrives at the principal focus the image will be Fig. 52. 
removed to an infinite distance. This result might be easily 
foreseen, since the object and image may always be made to 
change places ; if the object, placed at an infinite distance, has 
its image in the principal focus 5 reciprocally, when the object 
is placed in the focus, the image will be at an infinite distance. 
Between these two limits, the image is always inverted. 

The object, being brought nearer continually, will fall at length 
between the principal focus and the surface of the lens. Then Fig. 53. 
the image, according to our general construction, passes to the 
same side of the lens. It is now larger than the object, more 
distant and erect ; as the object approaches the lens, the image 
approaches also, the size being diminished ; till finally the image 
and object unite and coincide throughout upon the surface. 

bb. These are the results of theory, and they are completely 
confirmed by experiment. Take, for example, any converging 
lens, as the object lens of an opera-glass, and look through it 
at an object which we will at first suppose at a great dis- 
tance relative to the focal distance of the lens. Then, plac-Fig. 5o. 
ing the eye properly we shall see an inverted image of this 

Opt. 8 
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object, which, as has already been remarked, we can reqder 
sensible by receiving it upon a screen of pasteboard or ground 
glass. But although this image really falls on the same side of 
the lens with the observer, yet it is referred by him to the oppo* 
site side, and conceived to be at a greater or less distance tbaq 
the object, according to the circumstances by which his judg- 
ment is influenced in other cases. 

66. When we are thus placed at the point where the image U 
most distinctly seen, if we measure the distance of the eye froin 
the lens, we shall find that it is equal to ihe focal distance of 
parallel rays, plus the ordinary distance of distinct vision for the 
eye of the observer. This is another proof that the eye is placed 
so as to view the image as if it were a real object ; and U receives 
from the image similar impressions. This opinion is every way 
confirmed ; for if the eye be removed further from the glass^ th^ 
image appears diminished and its minute parts are less easily 
distinguished, like those of a real object which is removed froo^ 
us. If, on the contrary, we approach the image, it become^ 
irregular and confused, like that of an object which is brought 
too near the eye. In this last case, the image appears to be 
increased in size, like an object seen very near ; and we are led 
to believe that it is brought nearer. It finally becomes alto- 
gether confused and indistinct when the eye arrives at the focua 
itself. But, which is very remarkable, as we approach still 
nearer the glass, the image is formed again, erect and very much: 
confused. Its direction is not again changed as the distance of 
the eye from the glass diminishes, but it becomes less indistinct, 
and at length we see the object tolerably well, with its natural 
outlines and dimensions, when the eye is at the surface of the 
glass ; especially if we contract the aperture of the pupil by 
looking through a small hole made in a card. 

In these last experiments the rays are convergent when they 
approach the eye; and since the image is still perceived, it is a 
proof that vision may also take place in this way, though with 
incomparably less distinctness than when it is produced by 
divergent rays. 

67. But it may here be asked why the image appears erect 
and becomes less confused as the eye approaches nearer to the 
glass^ To resolve these different questions clearly, let us fir^t 
t^k^ ihe simple case where the radiating object is reduced tQ a 
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luminous point vei'y far removed. This takes place, for exam- 
ple, when we lodk through a converging lens at Venus, or any 
T^ry brilliant star. 

In this case, if the eye is first placed in 00^ beyond the focus Fig. 54. 
of parallel rays, and at a proper distance for distinct vision, we 
shall see a very clear well defined image of the star. This sen- 
sation is produced by a cone of divergent rays which has its 
vertex at F^ and 00^ the aperture of the pupil, for its base. As 
the eye approaches the lens, the base of this cone remaining 
always of the same magnitude, it intercepts a greater number of 
rays, and of rays which form among themselves a greater angle. 
On account of this divergency the eye is unable to collect them 
all into the same focus on the retina ; and consequently, they 
form upon this membrane a small circular image, such as a lu- 
minous circle would produce placed without the eye. The 
image of the star is thus gradually enlarged, and forms a disc 
which increases in size as the eye approaches the focus. Finally, 
when the eye arrives at OO, that is, at the focus, this disc is 
equal in magnitude to the lens itself, because the aperture of the 
eye then admits all the rays which the lens has refracted. But 
as the eye approaches still nearer the glass a certain portion of 
the rays are lost ; and those which first escape, being those which 
depart farthest from the axis of the lens, they are also the most 
convergent. Hence, when the eye is very near the glass, the 
only rays which can enter the pupil have very little convergence, 
and consequently the object begins to appear less confused. 
This being applied successively to all the points of an extended 
object, we perceive why it appears more distinct as the eye ap- 
proaches the glass. The position is erect, since the luminous 
pencils do not cross each other before they enter the eye. 

58. Having thus verified the results of theory for very dis- 
tant objects, we shall now consider those which are placed at a 
less distance. In this case we also verify the other phenomena 
indicated by theory, and we find them the same, whichever of 
the faces of the lens is presented to the incident rays. 

It will hence be readily understood what advantage is derived 
from the use of converging lenses by long-sighted persons who 
sec near objects confusedly. For, if the object SS' be too near p,g. 55. 
the eye 00 to allow the rays, proceeding from it, to come to a 
focus upon the retina, we have oply to interpose the convex lens 
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MAM^ so near the object as to bring it within the principal focal 
distance AF of parallel rays, and having such a convexity as to 
throw back the images of the points S, S', to the iocif^f^ pre- 
cisely at the distance /O^y^ O, where the eye sees most distinctly. 
This is the way in which convex glasses enable long-sighted per- 
sons to see near objects distinctly. They are particularly im- 
portant to aged persons, who are commonly long-sighted, and 
who are able by means of this useful invention to read, write, 
and in general to execute any kind of work which requires to be 
placed near the eye, as if the focus of vision was not affected by 
age. But they are obliged to dispense with these glasses in 
looking at distant objects, because they make the rays converge 
too fast, and thus occasion indistinctness of vision, as we have 
already shown. 



Of Magnifying Glasses and Simple Microscopes* 

59. The expedient above mentioned is useful also to watchma;- 
kers, engravers, and generally to those persons whose business 
requires much care directed to small objects. In this case, how- 
ever, it is not to remedy defects of sight, but to magnify the objects, 
Fig. 56. and render the minute parts more perceptible. To understand this 
use of lenses, let 00 be the eye, and SSf the object which we wish 
to see distinctly and in large dimensions. If the latter condition 
were the only one sought, it might be fulfilled by simply bring- 
ing the object nearer the eye, for the visual angle subtendol 
increases as the distance diminishes. But the image would ap- 
pear confused since the object is brought within the limits at 
which distinct vision naturally takes place. To remedy this 
inconvenience, we have only to place close to the eye a convex 
lens, and to bring the object within the focal distance of the glass 
precisely so far that its image shall be thrown back to the dis- 
tance Oyj Of^ of distinct vision. This is always possible ; for 
the distance of the image from the glass may vary from nothing 
to infinity, according to the distance of the object. When wc 
have found by several trials this proper distance, the image fj* 
will be seen distinctly ; and, moreover, the visual angle fAf^ 
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which it subtends at the eye placed in contact with the glass, is 
equal to the angle SAS' under which the object would appear 
to the naked eye, if it could be seen distinctly at so small a dis- 
tance as AP. We shall thus obtain the double advantage of see- 
ing the object distinctly, and of seeing it under a larger angle. 
But from the very circumstance of never having seen it in this 
way, the judgment which we form of its real magjiitude is not 
modified by any previous experience of the ratio of the dis- 
tance to the visual angle ; and as we see it under a much greater 
angle than it subtends to the naked eye, although at the same 
distance at which we endeavour to place it in order to see it dis- 
tinctly, it must appear to be magnified in all its dimensions. And 
this is constantly found to be the case* Convex lenses fitted to ^ 
produce the effect in question, are called magnifiers* 

60. The magnifying power is evidently determined by the 
ratio of the absolute magnitudes of the image and object ; and 
this ratio is the same, by the construction of the figures, as that 
of their distance from the glass, since they are both comprehend- 
ed between the sides of the same angle ol fAf. Thus the en- 
largement takes place because the image is formed at a greater 
distance from the glass than the object, and on the same side of 
it. These two conditions cannot be fulfilled, except with con- 
verging lenses. 

61* We have supposed the eye to be very near the surface of 
the glass. This position renders our considerations more sim- 
ple ; and affords a wider field, that is, it allows us to take in 
with the same glass, a larger extent of objects. But after what 
we have said, it is evident that this condition is not indispensable 
to the obtaining of magnified images. Indeed, whenever the 
image, although larger and more distant than the object, is too 
near the glass for distinct vision, by removing the eye we can 
always find the exact point where it may be clearly and distinctly 
seen. 

Large magnifying glasses are sometimes employed in this way 
by aged persons placed at some distance from the eyes, which 
enable them to read. They are also used in examining the 
minute parts of maps. It is obvious that these glasses must be 
very large that both eyes may look through them at once, it is 
necessary, moreover, that the focal distance should be so great 
that the axes of the luminous pencils proceeding from the same 
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object toward the two eyes, may not make too great an angle 
with the common axis of the two surfaces* The magnifying 
power produced by these glasses, necessarily varies .with the 
distance at which they are held from the object to be exam- 
ined, as appears from the preceding considerations ; and their 
eflfect is the more perfect according as they arc held near the 
object, since on the supposition that we look through the centre 
of the glass, the luminous pencils which enter the pupil of each 
eye, pass through the glass under small angles of incidence, 
agreeably to what has been taken for granted in all our approxi- 
mations. But the condition of seeing with two eyes obliges us 
to incline the pencils to the axis of the lens more than if we used 
** but one; and this circumstance, together with the facility with 
which we alter the magnifying power by varying the distance of 
the object from the lens and of the lens from the eye, makes this 
instrument liable to injure the sight. It is, therefore, at present 
rarely used, and we employ instead of it separate glasses for the 
two eyes. 

62. We generally use but one eye with magnifiers and other 
optical instruments in which we wish to obtain a highly magnifi- 
ed image with the greatest possible distinctness. In this casd 
experiment proves that the best position of the eye is very near 
the glass. It only remains, therefore, to place the object within 
the principal focus, at such a distance as to throw the ioiage 
back to the point of distinct vision ; and this is effected after a 
few trials. The calculus also furnishes rules for determining 
this position with respect to every lens, and the distance of dis- 
tinct vision belonging to different eyes, while it teaches us also 
how to calculate the magnifying power thus obtained. To foriti 
a glass which shall magnify a certain number of times m, when 
applied to the eye, we must give it a focal distance equal to the 
distance of distinct vision divided by the magnifying power minus 
unity, that is, by m — 1. For example, if we take for the ordi. 
nary distance of distinct vision eight inches, which is the usual 
measure for good eyes, and if a glass is sought which shall mag^ 

o 

nify fifty times, its focal distance must be —- = 0,163 ; if it 

were required to magnify 100 times, the focal distance must be 
— = 0,0808 ; which, supposing the two curvatures the 
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^ame, would require estch surface to be of a less radius than the 
above. In general, the radii of the surfaces diminish as the 
xnagnifying power increases. This is an obstacle to carrying 
the magnifying power very far with a simple lens. It will be seen 
also that the focal distance would diminish if the distance of dis- 
tinct vision were less than eight inches ; and it is for this reason 
that the same glass magnifies less with respect to short-sighted 
persons, than when used by those who are long-sighted. 

63, We thus see how far we can proceed with a single micro- 
scopic lens* But by combining these lenses with others of less 
curvature, we obtain much more powerful effects. By similar 
combinations of large glasses, or of mirrors and magnifiers, we 
are able to form arrangements which bring near and magnify the 
imiages of distant objects ; and thus we obtain what are called 
refracting and reflecting telescopes. We shall make known the 
theory of these instruments when we have learned how to cor- 
rect the effect of the decomposition of light in the case of simple 
lenses, which cause the images to be coloured, and is on this 
account^the occasion of an essential defect. 

64* A very simple means of procuring a microscope of consid- 
erable power is by making a small hole in a thin metallic plate? 
aad introducing into it a drop of water. This drop arranging 
it&elf in the hole, as in a very narrow and very short capillary 
cylinder, forms at the two surfaces of the plate two spherical con- 
vexities, whose diameter is the same as that of the hole. Then 
the rays which pass through this globule are refracted by it as 
by a solid glass magnifier of a very short focus. Then placing 
the eye very near the hole and looking through it at small ob- 
jects, situated on the other side of the plate, at a very small dis- 
t;aace, we find a point where they may be seen distinctly and 
very raucb magnified. 

G5* The lenses obtained by this process are inconvenient, as 
they are continually changing their curvature, and are soon dis- 
sipated by evaporation ; this renders them unfit for continued 
observations. Dr Brewster proposed to remedy the defect by 
using drops of transparent varnish on a plate of glass, which, by 
the mutual attraction of the particles, take a spherical shape. 
Very clear lenses are obtained in this way ; but it is difficult to 
fix them in a metallic plate, and still more difiicult to keep thent 
unaltered. By a slight modification Mr Sivright of Edinburgh 
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has discovered a process that is free from all these inconven* 
iences. It consists in placing small fragments of glass on perfo- 
rations in a thin plate of platina, and then submitting them to the 
action of the blow-pipe* The glass thus melted, assumes a 
spherical shape like the drop of water or varnish ; when this is 
once cold, it preserves its form, and presents a lens well mounted. 
Instead of employing a plate of platina, we can make use of a 
wire of the same metal rolled around a fragment of the glass^ 
which serves the purpose of a ring to keep it in place. Platina 
is preferable to any other metal for this purpose, because it does 
not oxydate with the heat of the blowpipe, and it adheres very 
strongly to the sides of the small lens ; its point of fusion also is 
much higher than that of glass, and it may be employed very 
thin, so that its contact shall less retard the fusion of the vitreous 
globule. 

In these different applications it is supposed that the lenses 
used are capable of concentrating the parallel rays which fall 
upon them in a single focus. But this condition can only be 
fulfilled when the thickness and aperture of the lens are very 
' small compared with the radius of curvature, and it is also, as 
we have seen above, the only case which our theoretical approx- 
imations embrace. It is manifest that in practice we must con- 
form to these conditions in order to obtain distinct images ; and 
experiment soon shows within what limits we are to confine our- 
selves. We may nevertheless, by a happy choice of curvatures, 
increase the extent of our glasses, and at the same time, diminish 
the aberrations of the focus. We may even destroy almost en. 
lirely these aberrations by combining several lenses; but the 
proper an'angeraent for producing this efiect cannot be discover- 
ed without the aid of the calculus. It is sufficient in this place 
to observe that our arrangements tend generally to diminish the 
angles of incidence and emergence of the rays, at the different 
€urfaces which they are successively to pass through. 
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Physical Theory of Refraction. 

€6. The methods above described give the ratio of refraction 
for any substance in the state in which it is observed. But it 
has already been remarked that this ratio, in any case, changes 
\?ith a change of density. The variation is small in solids 
and liquids, since the dilatations and condensations to vrhich 
these are exposed are inconsiderable ; but it is quite different 
with respect to aeriform substances, in which every change of 
pressure and temperature is attended with a marked change of 
density. While we are ignorant of the relation which existi^ 
between the density of a substance and the refracting power it 
exerts upon light, we cannot compare together the observations 
made upon the same substance in different states, nor those made 
upon difierent substances ; nor will it be possible to distinguish 
what belongs to their densities, from that which belongs to the 
chemical nature and arrangement of their particles. In order, 
therefore, to a more thorough acquaintance with these phenome- 
na, it is necessary, by means of the observed motions of a ray of 
light, to discover the forces which act upon it, and thence to 
ascertain by calculation how these forces produce the particular 
results. 

Let AB be the first surface of a body or of any refracting Fig. 57. 
medium, and let SI be a luminous ray traversing a void in a 
direction nearly parallel to the surface of the medium, but meet- 
ing it at the point /. Then this ray will no longer continue its 
direction m a straight line, but will be refracted in a certain 
direction /R, which will depend upon the ratio of refraction for 
the medium under consideration. If this were water, for exam- 
ple, the angle BIR^ formed by the refracted ray and the refract- 
ing surface, would measure 41° 18' 36^', and the incident ray 
would be turned thus far out of its course. Now, as a moving 
body can be made to change its course only by a force oblique 
to its own direction, we must conclude that the particles of light, 
in approaching the surface of the medium, are acted upon by 
forces which tend to make them enter it 5 and moreover, that 
these forces are directed perpendicularly to the surface ; for the 
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case of perpendicular incidence is the only one in which they do 
not change the direction of the ray. 

It is evident that these forces must be sensible only at very 
small distances above and below the surface. For the luminous 
ray must begin to bend the moment it begins to be acted upon, and 
must take a rectilineal direction the moment they cease. Now 
the space occupied by this inflection is so small as to be incapa* 
ble of being appreciated by our senses, and the ray appears 16 
be broken suddenly at the point of incidence. The action of the 
refracting forces is not then sensible to a greater extent. 

67. All these results concur to prove that the refraction of the 
luminous rays is produced by the affinity of the particles of the 
<body for the particles of light ; an affinity analogous to capillary 
attraction, and which, like that, becomes sensible only at very 
small distances. This conclusion, di-awn from the phenomena 
above stated, appears at first view, to contradict that which we 
have deduced from experiments upon reflection. For, in that case, 
the luminous particles appeared to be repelled by the reflecting 
body, instead of being attracted as we now find them to be. But 
it must be remarked that the particles which are reflected may 
not be in the same physical state or in the same circumstances of 
motion, as those which are refracted* Now the possibility of 
this diflference is sufficient to remove the apparent contradiction 
in the two opposite consequences, drawn from the phenomena 
' exhibited in these two states of the particles. For when a body 
A acts upon a body jff, in any manner whatever, this action does 
not depend simply upon the state and nature of A^ but also upon 
those of B» We shall hereafter see this difference in the state of 
the luminous particles confirmed by abundant proofs, and we 
shall learn also in what it consists. 

Let us now deteimine from these phenomena the conditions to 
which the attractive forces are subjected. For this purpose, let 
Tig. 58. us suppose a luminous particle jif, placed at any distance without 
a homogeneous refracting medium, and so modified as to escape 
the repulsive action of the reflecting forces. Then this particle 
will be sensible only to the attraction of the medium, which draws ' 
it perpendicularly to the surface AB, as before demonstrated. 
Moreover, it will bcf drawn with the same intensity, at the same 
distance, whatever part of the surface it approaches, whether it 
be at JIf, or at m, or at f^. For, as this kind of action is sensible 
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only at very small distances, provided the points M^ m, fi^ are 
Dot situated infinitely near the extremities Ji and B^ of the me^ 
dium, the luminous particles, supposed to be in these points, will 
be attracted with as great a force as if the medium were indefi- 
nately extended ; and the intensities of these attractions must be 
equal throughout, since we suppose the medium to be homogene- 
ous. Also, in order that we may have to consider, in the action 
of the medium, only the progressive variations depending upon 
the distance, let us suppose that it is not crystallized ; in which 
case no account need be taken of the modifications of the attrac- 
tive force, which might result from the figure of the particles, or 
their arrangement. Then supposing the distance a ^ to be that 
at which the attraction of the medium begins to afiect the lumi- 
nous particles, the line a 6, parallel to AB^ will represent the 
exterior limit, at which the luminous ray begins to be bent. It 
k manifestly not necessary to regard this limit as rigorously and 
mathematically exact ; for, mathematically speaking, the attrac- 
tive action must extend indefinitely ; but since, beyond a very 
small extent, it becomes so exceedingly feeble that its cfiect is 
bsensible, we may express this circumstance graphically, by in- 
dicating near the surface a certain very small distance, as the 
limit at which the ray begins sensibly to bend« 

Let us suppose now that the luminous particle M^ having pass- 
ed this limit approaches nearer the medium. It will then be 
more forcibly attracted, and the attraction will increase until the 
luminous particle reaches the surface of the body. But when 
the particle has traversed this surface, the attraction of the me- 
dium will begin to diminish, and will diminish progressively 
according as the particle penetrates into the interior of the me- 
dium. Suppose it to have arrived at a certain depth M% for 
example. In order to ascertain the relative intensity of the 
force which then attracts it, draw through the point M\ the line 
d a parallel to the surface AB ; and below this line draw an- 
other parallel A*B\ at the same distance from M with AB. Then 
the two equal portions of the medium, which are limited on one 
side by the line d d\ and on the other by AB^ A*B\ will attract 
the particle M' in contrary directions, and will attract it equally. 
These two parts, . therefore, will counterbalance each other; so 
that the particle will be attracted only by that portion of the 
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medium situated beyond ^'B*. 11" the thickness of this rcmainin 
]iart exceeds the limit at which the attractive forces are spnsibli 
the iiUensily of the attraction will be the same as when the part 
cle was without the medium, and as far distant from it as it hfl 
now penetrated. For, by reason of the small distance at whit 
the attraction is sensible, the portion of the medium which is q 
off by the plane^'S', is always infinitely thin ; and the rest of til 
medium, since it exceeds the sphere of activity of the force 
may be considered as indefinite. 

It results from this reasoning, that the limits of the intcrH 
and exterior attractions are equally distant from the surfao 
IVhen the luminous particle has attained this depth, if we cutfl 
from the medium the portions which counterbalance each othi 
above and below, the rest of the medium is too far distant-^ 
produce any sensible atlraciion. ' 

Resuming the results at which we have arrived, we perceh 
that the incident ray SI preserves its rectilineal direction till: 
arrives at the first limit a b, where the attractive forces begin I 
be sensible. From this point the action of the forces b^nsl 
bend ilie ray into a curve, to which its primitive direction iw 
tangent at /, and whose concavity is turned towards the interiB 
of the medium, as shown in the figure. This curve continues ( 
the interior limit a' b', where the influence of the altracli? 
forces again becomes insensible. Then the ray takes the recfl 
lineal direction, derived from the refraction, and which is the 
prolongation of the last tangent to the curve it has described. 
The extent of this curve is too small to be appreciated by our 
senses, atid it is necessary to suppose it enlarged in order W 
compare the direction of the incident with that of the refracted 
ray. 

6S. To do this completely we must be acquainted with llie 
law, accoi-ding to which' the attractive force increases, as the 
iumitions particles approach the refracting surface. Of (his lai' 
we know nothing, except that it must produce a very rapid lO' 
crease of velocity, and an equal increase at equal distances, 
through the whole extent of the surface. Happily these general 
data are sufficient to conduct us to very important results. 

In order to represent the increase of atfraclive force in th« 

most general manner, let us divide the space in which it is seP' 

. sibJc into an infinite number of very thin zones by the lines c "^ 
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^fgfh &<^«9 parallel to the surface of the medium and to the 
first limit a b. Then let us suppose that in each of these zones 
the intensity of the attractive force is sensibly constant, so that 
it shall only increase in passing from one zone to another. Con- 
tinue this construction into the interior of the medium as far as 
to the second limit, where the attractive force ceases to be sen- 
sible. This being done, if we do not establish absolutely any 
relation between the successive values of the force for these dif- 
ferent zones, there can be no law so general that it may not thus 
be represented. The conformity will be the more perfect, the 
more we multiply the zones, and it will be entirely so, by sup- 
posing their number infinite. We can then employ this supposi- 
tion for the purpose of representing the progress of the attractive 
forces ; and if we thence deduce results which are independent 
of the number of zones, we may be certain that they belong also 
to the attractive forces themselves, whatever be the law by which 
they are governed. 

The whole is then reduced to considering what takes place, 
when a particle infinitely small, projected into void space with a 
certain direction and velocity, traverses a zone comprehended 
between two parallel planes, where it is urged by a uniformly 
accelerating force. For if we resolve this problem for the first 
zone, we shall be able to calculate the direction which the lumi** 
nous particle will have acquired there, together with its increase 
of velocity. We shall then proceed to the calculation for the 
second zone with these data, and thence to the third, and so on 
through the whole thickness in which the attractive forces are 
sensible. 

This problem is precisely that of the motion of projectiles in 
void space, supposing them acted upon by gravity alone. By re- 
solving it we find that for the same substance the ratio of the sine 
of incidence to the sine of refraction, is constant under all possi- 
ble inclinations, as experiment has shown us. We find also, 
that this ratio is the same as that of the velocities of light, after 
it has penetrated the body to a sensible depth and before enter- 
ing it. This initial velocity is always more feeble than the 
other, if the ray passes from a vacuum into a material substance, 
80 that in this case it is accelerated by being refracted. 

Finally, the analysis, by discovering all the particulars of the 
phenomenon, enables us, by experiment, to ascertain, if not the 
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absolute value of the attractive force, at least a quantity proper-* 
tional to it in each body. This quantity is the square of the 
ratio of refraction diminished by unity, and divided by the den- 
sity of the refracting substance. Newton gave it the name of 
refracting power* Its estimation supposes that the luminous par- 
ticles, in their passage through bodies, are acted upon only by 
forces peculiar to ponderable material particles, while such im- 
ponderable and intangible principles as those of electricity and 
caloric, do not contribute either directly or indirectly to produce 
or modify this action. The only means of judging whether this 
supposition is correct, is to compare the results derived from it 
with those deduced from observation. 

69. Let us now consider what takes place when the luminous 
Fig. 60. particle approaches the surface of emergence A^ B^ , which, for the 
sake of simplicity, we will suppose parallel to the first surface* 
The attractive forces, exerted by the body near these two sur- 
faces, will have the same extent of action. Let us then repre- 
sent, by the parallels a^ &,, a^ 63, the interior and exterior limits 
where these forces cease to be sensible. This being done, while 
the luminous particle is approaching the interior limit a^ 6,, it 
will continue to move in a straight line with the velocity derived 
from refraction ; but when it has passed this limit it will begin 
to be attracted again towards the interior of the refracting body, 
by forces varying with the successive zones through which it 
passes. In order to calculate the effects which these forces will 
produce upon it, it is only necessary to decompose its velocity 
into two others, the one parallel to the surface of emergence 
A^B^^ and the other perpendicular to it. Now it is evident that 
the action of the attractive forces will not change the first velo- 
city which is perpendicular to their direction ; but it will tend 
constantly to diminish the normal velocity to which it is parallel 
and opposite, since this velocity tends to bring the luminous par- 
ticle without the body, while the attractive forces have a contrary 
tendency. 

Consequently, from the instant the action of these forces be- 
gins, the path of the luminous particle will be in a curve conr 
vex towards the surface of emergence ; but on account of the 
similarity of position which we have supposed between this sur- 
face and the surface of entrance, the actions experienced by the 
particle will be exactly equal, so that in approaching the second, 
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surface it will not lose what it had acquired in departing from the 
first. It will therefore reach A^ B^, with the same velocity which 
it had at AB ; and then, passing this limit, it will continue to be 
afiected by the action of the medium ABA^B^^^ which will retard 
it, and will tend to draw it inward, but with an energy continually 
decreasing in proportion as its distance becomes greater ; until at 
length this action entirely ceases to be sensible, when the par- 
ticle has reached 03 63, the exterior limit of the attractive forces, 
after having gradually lost all the increments of velocity which 
it had acquired at its entrance into the refracting medium. Then 
the particle, being no longer influenced by the attraction of this 
medium, will continue to move with its primitive velocity, in the 
direction of a straight line, tangent to the last element of the 
curve it has described ; and this tangent, on account of the par- 
allelism of the two surfaces, will be parallel to the primitive 
direction of the particle before it entered the refracting medium. 

70. Let us now consider the case where the surface of emer- *''6- ^** 
gence A^B^, instead of being parallel to the first surface, is in- 
clined to it at a certain angle. Then the limits of the action of 
the medium will still be near this surface, and we can likewise re- 
present them by the straight lines a^ 635 ^3 63, drawn at the same 
distance as before. Moreover, the succession of actions exerted 
by the medium, at different distances from the surface of emer- 
gence, will also be the same. But the normal velocities which 
these actions will have to oppose will be different ; for, upon 
repeating here the decomposition which furnishes these velocities, 
it will be seen that they become more feeble in proportion as 
the direction of the ray approaches the surface of emergence, 
if their value is still such that the attractive forces are not suffi- 
cient to destroy it, the luminous particle will traverse all the 
zones where these forces are sensible, will pass their exterior 
limit, and having regained all its primitive velocity, will move off 
in a straight line in such a manner that the sine of its emergence 
will be to the sine of its interior incidence in a constant ratio, 
and this will be the same that it has at the surface of entrance. 
But it is also possible that the luminous particle may reach the sur- 
face of emergence with such an inclination, that its normal velocity, 
"which alone tends to make it emerge, will be entirely destroyed 
by the continued and increasing attraction of the medium, be- 
fore it has passed this surface ; or there may remam sufficient 



72 Dioplrics» 

velocity to make it pass, and then this remainder may be de- 
stroyed by the retarding action of the medium before it has 
attained the exterior limit a, 63, where this action ceases to be 
sensible. In both cases, the luminous particle, in proportion as 
its normal velocity is diminished, will yield to the action of the 
other component 'whose intensity docs not suffer any diminution, 
so that its path will be bent more to the surface of emer- 
gence to which this component is parallel. The moment this 
component comes to act alone, the normal velocity being destroy- 
ed, it will cause the luminous particle to describe a small ele- 
ment of a straight line parallel to the surface of emergence ; 
after which the attractive action of the medium, experiencing no 
obstruction, will draw the luminous particle inward by a course 
symmetrical with that by which it approached the surface of 
emergence, and will communicate to it in a contrary direction 
the same degrees of normal velocity which it had before destroy^ 
ed, until the particle, having reached the interior limit a, 6^, 
where the attractive forces cease to be sensible, will continue its 
course in a straight line, with the same velocity it had before 
entering the strata of variable attraction, and in a symmetrical 
direction ; so that the angles of reflection and incidence will be 
equal. 

71. This analysis makes known the origin of the change from 
refraction to reflection, which is actually observed in certain cir* 
cumstances at the second surface of bodies; and teaches US| 
moreover, that this change is not limited to a single incidence, but 
may be distinguished into three cases. 1.. When the reflection 
takes place in the substance of the refracting medium between the 
interior limit of the attractive forces and the surface of emer- 
gence ; 2. When it takes place at the surface of emergence ; 3. 
When it takes place between this surface and the exterior limit 
of the attractive forces, the luminous particle emerging first from 
the refracting medium, and afterwards entering it. This last 
case is that in which the angle of emergence, calculated accord- 
ing to the ratio of the sines, becomes equal to 90^ ; it is also 
that which determines the. interior incidence the nearest to the 
normal, under which the total reflection takes place. We shall 
see, hereafter, that these difierent limits become very manifest 
from observation, although the spaces in which they are compre- 
hended are altogether insensible 5 insomuch that the ray appears 
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to be broken suddenly and at the same point in these different 
cases* 

Hitherto we have considered the bodies subjected to ex- 
perioaent, as contiguous to a void ; we shall now see what 
takes place when the light passes from one refracting medium 
into another. It is easy to combine these two phenomena ; for it 
is sufficient to remark that in this case the luminous particle is 
attracted, not only by the medium which it leaves, but also by 
that which it is to enter. 

Let M be the first medium, M the second, and A'P' their Fig. 62. 
common surface. While the particle is at Jtf, so far from the 
surface A'B'^ that the attraction exerted by the first medium 
is equal on all sides, and that of the second still insensible, it 
will move in a straight line with the constant velocity which 
the action of the first medium has impressed upon it. But when 
it has arrived within the limits of distance where the intensity of 
the attractive forces becomes variable, it will begin to experi- 
ence simultaneously the action of the two media, drawing it in 
contrary directions ; that of the medium it has left tending to 
retard it, and that of the medium to which it is approaching 
having a tendency to accelerate it. Accordingly it will be influ- 
enced only by the difference of these actions, which are both 
directed perpendicularly to the common surface A'B\ Hence 
we see that if the medium which it is about to enter, acts at an 
equal distance with greater force than the other, it will always 
enter, and after passing, in a curvilineal direction, beyond the 
interior limit a^b^ of the attractive, forces, it will at length go 
on in a straight line with a constant velocity. But if, on the 
contrary, the first medium acts more strongly upon the ray than 
the second, we may consider the luminous particle as moving 
in a medium, whose action will be simply the difference of action 
of the two media, and consequently retarding, A^B' becoming the 
surface of emergence. Then we shall find all the cases of emer- 
gence and of interior reflection which we have already consider- 
ed. Thus the incidence may be such that the particle shall be 
refracted and afterwards move in a straight line into the second 
medium 5 but it is likewise possible that the refraction may be 
changed into reflection ; and here, as when the particle emerged 
into a vacuum, the reflection may take place, either in the inte- 
rior iX the first medium, between the interior limit a^ b^ of the 
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attractive forces and the common surface A^B' ; brat the surface 
A^B^ itself; or lastly, in the interior of the second medium, even 
to the second limit a, 6, of the attractive forces. But generally, 
when the ray passes from one medium to the other, whichever 
be the medium that acts most strongly upon the light, the ratio 
of the sine of incidence to the sine of refraction will be constant, 
and the reciprocal of the ratio of the velocities in the two media. 

72. Let us now endeavour to realize these results by experi- 
ment, and sec whether they are conformable to theory* In 
the first place, as to the constancy of the ratio of refraction and 
its value, we can easily verify them in the following manner. 
Having measured the deviation effected by a prism under a 
determinate incidence of the luminous rays, extend over one of 
its surfaces a stratum of some transparent substance, rendered 
throughout of the same thickness by being pressed with polished 
glass, or by being ground and polished. It will be found that the 
addition of this stratum to the prism does not alter the observed 
deviation, the incidence remaining the same ; wherefore the 
ratio of refraction which the light experiences in penetrating the 
stratum, is exactly counterbalanced by that which takes place 
at the second surface where it touches the glass, so that it pene- 
trates the glass in the same manner as if it had entered it directly. 
This is at once a consequence and a verification of the proper* 
ties deduced theoretically. 

In order now to observe the progressive effect of the incideoc^^ 
Fig. 64 upon the interior reflection construct a prismatic vessel AABB^ 
whose antei*ior and posterior faces, formed of glass, may be 
gradually inclined the one to the other, and remain exactly 
fitted to two parallel planes of copper, in such a manner as 
to form a prismatic vessel of a variable angle. Then, having 
filled this vessel with water or any other liquid, dispose vertically 
the anterior face BB^ and direct perpendicularly upon it a fixed 
horizontal ray S/, obtained from a hcliostat. The ray thus 
penetrating the liquid with a perpendicular incidence, will con- 
tinue its course in a straight line till it reaches the second sur- 
face of the prism, where it will experience, in general, a partial 
reflection, which will carry a portion of it into the interior of 
the liquid, and thence out to (y through the horizontal surface. 
The rest, experiencing the action of the refracting forces, will 
come out refracted in the direction PO, if it is capable of emerg- 
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ing; and if not, this also will be drawn into the interior, making 
the angle of reflection equaj to the angle of incidence, and will 
go to join in C', the portion partially reflected. Then, in order 
to follow out the phenomenon, render the second face AA verti- 
cal, and having formed a liquid plate with parallel faces, the 
ray will be seen to pass on without any deviation whatever, as 
if there were no prism interposed. But as the angle is opened 
H little the refraction will begin to take place, the emerging 
ray being turned upward. This deviation will increase in pro- 
portion 88 the angle is enlarged, which will bring the interior 
incidence nearer to a coincidence with the second surface. 
We shall at length arrive at a point in which the obliquity will Fig 65. 
be such, that the emergence will be hardly possible, the ray at Fig- 66. 
its departure grazing the surface of the second glass. Beyond 
this term the ray will no longer emerge, but will be entirely 
reflected inward. This will take place when the sine of the inte- 
rior incidence, reckoned from the normal, is equal to unity divid- 
ed by the ratio of refraction. Then the total reflection will con- 
tinue to take place inward, under every enlargement of the angle 
of the prism, this enlargement bringing the interior incidence 
ftlways nearer to a coincidence with the second surface. These 
details arc strictly conformable to the results furnished by the 
tkeory of the attractive forces. Fig. 65. 

. 73. One circumstance must here be mentioned which will be 
iueful hereafter ; at the moment when the emergence is on the 
* ]^oiht of becoming impossible, it does not cease suddenly and at 
once for the whole ray ; but the part of this ray which pro- 
duces the sensation of red is the last to disappear. Such indeed 
must be the result, if, as we have already remarked, this portion 
is composed of rays less refrangible than the rest, and whose 
ratio of refraction consequently differs less from unity. 

It may be asked how it happens that a certain number of par- 
tidesy under all incidences undergo an interior reflection, even 
when their velocities, decomposed perpendicularly to the refract- 
ing sur&ce, are sufficient to make them emerge. It arises from 
this, that beside the velocity of translation, which alone we have 
liere considered, these particles are affected also by particular 
phyrical circumstances to be made known hereafter, which favor 
'^aediin exerted upon them by the reflecting forces of the second 
•flfeili^ fliL action from which the other particles are free, being 
'^ yield to it. 
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74. When a prism of a variable angle, like that we have de* 
scribed is not at band, the effect of interior reflection may be 
observed in a very simple manner. Place a triangular prism 

*%* ^''* ABC^ between the light and the eye in such a manner that the 
incident rays S/, entering by the first face AB^ may be reflected 
at the base BC^ and then pass out through the posterior surface 
AC. If we would attend to all the particulars of this phenome* 
non, the eye must first be placed sufficiently high to allow the 
objects situated below the base £C to become visible by refrac- 
tion through the angle EC A. In this position the rays SIP, 
which come from objects situated above AB^ are refracted also in 
I\ and emerge into the air above the prism, with the exception' 
always of the feeble portion which experiences in I' a partial 
reflection. But if the eye be lowered a little there will be found 
a position in which the objects placed below BC cease to be 
visible by refraction ; and, on the contrary, the exterior objects, 
situated above ^i?, are represented on the base £C, as in a mir* 
ror. It is because the refracted rays //', becoming, in this case, too 
oblique to BC to be capable of emerging into the atmosphere, 
are all reflected inwards ; and as no ray, coming from the objects 
situated under £C, can, upon being refracted by the prism, de- 
part so far as these from the normal FJST, none can any longer 
reach the eye. Thus, when this total reflection has once comr 
menced, it will continue under all the greater obliquities. 

75. In order to fix the exact limits where these objects dis? 
appear, consider N'Vt' the greatest possible angle of refraction 
for the rays which enter the prism by the base BC\ and draw 
the emergent ray P'O, resulting from the second refraction 
through the face AC, Then, if we draw through the vertex of 
the angle C, the line C(y parallel to I"0^ it is manifest that no 
ray coming through the face fiC, can enter the angle OCC'^ 
comprehended between this straight line and the prolongation of 
the base of the prism. Accordingly, while the eye is situated 
within this space all the objects below BC will be invisible by 
refraction. 

76. It is to be remarked that the phenomena of total reflection 
can never be observed when we look through the same face of 
the prism at which the rays enter, as is shown in figures 68 and 
69. For, if the prism be turned as in the first of these figures, 
the refracted ray W can never be totally reflected at the second 
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surface CB ; and if, on the other hand, the prism be turned as in 
figure 69, the reflected ray PF' will cease to be capable of ^'fr^ 
escaping through the first surface AB before its total reflection 
at the second AB begins to takes place. 

Let us recur now to the mode of observation employed above ; Rg. 67. 
but instead of leaving the whole base BC in contact with the air, 
put a drop of water on one of its points E. Then, as the prism ^"S**^^ 
b turned slowly about its axis, the eye being placed at 0, so as 
to receive the reflected rays SIF coming from the clouds, it will 
be seen that the total reflection begins to take place on every part 
of the base J3C, which is contiguous to the air, before taking place 
at the point E where the drop of water is placed ; so that this re- 
mains some time visible through the thickness of the prism by 
means of the rays which emanate directly from it. As the eye 
is lowered towards the base BC, to render the rays more ob- 
lique, the total reflection gradually begins at £, and the drop 
disappears. 

77. All these phenomena are the necessary consequences of 
the theory. When the refracted rays IE fall upon the base BC 
with an ipcidence nearly perpendicular, they do not experience 
a total inward reflection, even at the point of the base contiguous 
to the air. Reciprocally every ray coming with this incidence 
from objects situated below the base of the prism, enter it and 
come to the eye. But when, upon lowering the eye, the refract- 
ed rays IE become more and more oblique to the base £C, we 
at length reach a point where the action of the air in contact 
with this base is not strong enough to transmit them ; then, they 
will be totally reflected, after departing from the prism, provided 
they do not exceed the exterior limit of the attractive forces of 
glass and air. But the incidence at which this phenomenon 
takes place, is not the same for the point E where the drop ad- 
heres, because the attractive action of the water upon light is much 
sU*onger than that of air ; which renders the normal forces, tend- 
ing to make the luminous particles emerge, much more powerful. 
It is thus necessary to lower the eye more towards the base J5C, 
in order that the interior reflection may take place at the point E 
where the drop is situated ; and it is only when such an inclina- 
tion is efiected that the drop entirely disappears. At this instant 
there is a certain number of rays S/, coming from external objects, 
which pass through the drop at an infinitely small distance from the 
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base of the prism, and which being then drawn into the interior 
of the prism by refraction, reach the eye. When the drop i% 
of a transparent liquid, these rays in their short passage through 
it are not sensibly weakened. Their brightness in this case 
prevents us from distinguishing the feeble light which is still 
sent to the eye by the infinitely thin liquid stratum embraced 
by the attractive forces. Accordingly the drop disappears. 

The limit would manifestly be different if the substance appli- 
ed to the base BC were opaque, even though its refracting force 
were otherwise the same as that of water. For then the rays 
S/, which must penetrate it in order to be reflected would be 
arrested by its opacity. In this case, we should begin to see the 
total reflection only at the moment when the refracted rays 
IE are reflected at the limit of the two medii) ; which rc» 
quires an interior incidence approaching more nearly to this sur- 
face. Although the difierence of thickness by which this case 
of reflection is distinguished from the preceding, is infinitely 
small, or at least, incapable of being appreciated by our senses, 
yet its influence upon the angles of incidence and reflection is 
very perceptible. If, for example, the substance applied to the 
base of the prism be bees-wax, which can be rendered ahei^ 
nately transparent and opaque, by being subjected to the flame 
of a candle and then suffered to cool, it will be found that the 
total reflection, in this last case, will begin at an incidence at least 
eight degrees nearer the reflecting surface than in the other* 
Laplace was the first who pointed out this difference of limit 
required for interior reflection in transparent and opaque bodies. 
Ho has afforded the means of calculating the incidences in both 
cases, according to the theory of attractive forces ; and Mains 
has realized these results in the experiment which we have de- 
scribed ; adding at the same time the exact measure of the an- 
gles, which prove that the limits of incidence, given by observa- 
tion, agree exactly with the theoretical ones. This agreement, 
and the constancy of the ratio of refraction, are two strong cir- 
cumstances in favor of the hypothesis of the emission of light, 
especially when we consider by what secret links these two 
results ar6^connected together. 

78. We are indebted, moreover, to Malus for another experi- 
ment, which, without being susceptible of measurement, afl!brds 
a striking example of the action of the attractive forces in the 
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phenomenon of total reflection. He placed upon the base of a 
prism of crown glass a drop of ink, which being at first transpa- 
rent, permitted total reflection under certain angles of inclina- 
tion. But gradually, as this drop increased in density by dry- 
ing, greater degrees of obliquity were necessary in order to make 
it disappear ; and at length becoming entirely opaque, it ren- 
dered the phenomenon impossible by reason of the great refract- 
ing force of the metallic particles which enter into its composi- 
tion. If the glass of the prism had been of a kind possessing 
greater refracting power, perhaps the reflection would have 
been possible ; and then the incidence at which it took place 
would have determined the ratio of refraction of the ink, though 
it had become impermeable to light. In general, it appears 
that we can determine, by this method, the ratio of refraction 
even of opaque bodies, when we can apply them to the second 
surface of a transparent prism, possessing a greater refracting 
power than the bodies themselves. But it is necessary carefully 
lo calculate the total reflection as it begins to take place at the 
common surface of the body and the prism. This ingenious 
process was suggested and applied by Dr Wollaston ; but it was 
Mails who first remarked the necessity of a different calculation 
fi>r the results of experiment, according as the body applied is 
opaque or transparent ; and this he did from the formulas for 
the two reflections given by Laplace. We hence derive a simple 
method of finding very nearly the ratio of refraction of a given 
liquid, when the quantity possessed is quite small. We have 
merely to apply a drop of it to the second surface of a prism, 
and observe if it disappears sooner or later than the drops of 
other liquids whose ratio of refraction is known. 

79. Having thus explained the methods of determining by 
experiment the refracting powers of all transparent bodies, and 
also those of opaque bodies, when they can be brought into con- 
tact with a transparent body of a greater refracting power than 
themselves ; it remains to bring together the results obtained in 
this way for difierent classes of substances, in order to see 
whether we can discover any relation between their refracting 
forces and their chemical composition. This is the purpose of 
the following table formed by Newton. 
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Refracting Substancei. 



Katio of the sine 
of incidence to tbe 
line of refraction 
for yellow light 

n. 



Values 

of the 

quantity. 

n« — 1. 



False topaz (sulphate of barytes) 

Air 

Glass of Antimony 

Selenite (sulphate of lime) . . . 

Common Glass 

Rock cr}'8tal 

Iceland spar 

Common salt (muriate of soda) . 
Alum (sulphate of potash) . . . 
Borax (borate of soda) .... 
Nitre (nitrate of potash) .... 
Dautzick vitriol (sulphate of iron) 
Oil of vilrioi (hydro-sulphuric acid) 

Rain water 

Gum Arabic 

Alcohol 

Camphor 

Olive Oil 

Linseed Oil 

Spirits of Turpentine 

Amber 

Diamond 



23 to 


14 


1,61)9 


8201 to 3200 


0,000625 


17 to 


9 


2,568 


61 to 


• 41 


1,213 


31 to 


20 


1,4025 


25 to 


16 


1,445 


5 to 


3 


1,778 


17 to 


11 


1,388 


35 to 


24 


1,1267 


22 to 


15 


1,1511 


32 to 


21 


1,345 


803 to 


200 


1,295 


10 to 


7 


1,041 


529 to 


396 


0,7845 


31 to 


21 


1,179 


100 to 


73 


0,8765 


3 to 


2 


1,25 


22 to 


15 


1,1511 


40 to 


27 


1,1948 


25 to 


17 


1,1626 


14 to 


9 


1,42 


100 to 


41 


4,949 



Density of 
the refract- 
ing sub- 
stance. 



4,27 

0,00li2 

5,28 

2,252 

2,58 

2,65 

2,72 

2,143 

1,714 

1,714 

1,9 

1,715 

1,7 

1,00 

1,375 

0,866 

0,996 

0,913 

0.932 

0,874 

1,04 

3,4 



lu refract' 
ing power. 



n' 



— 1* 



3979 

5208 

4864 

5386 

6436 

5450 

6536 

6477 

6670 

6716 

7079 

7651 

6124 

7846 

8674 

10121 

12551 

12607 

12819 

13222 

13654 

14556 



From inspection of this table it appears that substances of 
very different densities may have equal refracting forces ; and also 
that a substance of less density than another may yet possess at 
greater refracting power. Accbrdingly, as we before observed, 
the action of bodies upon light does not depend upon their den- 
sity alone, but also upon the chemical nature of their particles* 
It appears, moreover, that the substances whose refracting power 
is greatest, are in general, the resins and oils ; and as that of 
distilled water is little inferior to them, it is natural to conclude 
that there must be in water some inflammable principle analogous 
to that of which the resins and oils are composed. The same 
conclusion must be extended likewise to the diamond whose re- 
fracting power is still greater. These striking suggestions did 
not escape the sagacity of Newton ; and he did not hesitate to 
make them known. For this great man, who practised the 
greatest severity in his experiments, and the most cautious re- 



* The numbers belonging to this last column have been multiplied 
by 10000 to avoid decimals. In the first column, the modern names 
are subjoined to those used by Newton. The great weight of the 
stone which he calls fake topaz^ leaves but little doubt that it is the 
sulphate of barytes. 
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Bcrve in his conjectures, never feared' to follow out the conse- 
quences of a truth however far it might lead him. 

If we would discover what this principle is which is common 
to the oils and resins, and which gives them so powerful an ac- 
tion upon light, wc have no better means of doing it than by de- 
termining the refracting powers of gaseous substances; for, since 
almost ^11 bodies with which we are at present concerned, are 
composed of gases combined together, we shall thus have the ad- 
vantage of surveying them in their most general elements. This, 
as before mentioned, Arago and myself have done. In what man- 
ner the observations were made and what were their immediate 
results, we have already stated ; it remains now to make known 
the refracting powers thence deduced. 

■ 

Refracting Power of the Gases for the Temperature of 32^, and 
the pressure q/* 29,92, deduced from a collection of Observations* 





Density, that of 


Value of 


Refracting 


Gftfei. 


atmospheric air 


n« — 1. 


power, that of 




being unity. 




air being unity. 


Atmospheric Air • • 


1,00000 


0,000589171 


1,00000 


Oxygen ..... 


1,10359 


0,000560204 


0,86161 


Azote 


0,96913 


0,000590436 


1,03408 


Hydrogen .... 


0,07321 


0,000285315 


6,61436 


Ammonia • • • . 


0,59669 


0,000762349 


2,16851 


Carbonic Acid • . . 


1,51961 


0,000899573 


1,00476 


Carboretted Hydrogen 


0,57072 


0,000703669 


2,09270 


Hydrogen more carbu- ^ 








retted than the- pre- > 


0,58825 


0,000630300 


1,81860 


ceding 3 








Muriatic Acid Gas 


1,24740 


0,000879066 


1,19525 



All the densities collected in this table are the results of our 
own experiments. The values of the refracting powers would 
be somewhat diflTerent, if we were to substitute the densities 
given by MM. Dulong and Berzelius. 

From inspection of this table, it appears that the refracting 
power of hydrogen very much exceeds that of any other gas, 
and even that of any other substance hitherto observed. This 
element exists in great abundance in resins, oils, and gums, 
where it is united with carbon and oxygen ; and is accordingly 
that which gives to these substances the gi-eat refracting power 
which Newton so justly remarked. This influence of hydrogen 
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216 Amlyns of Light. 

these humours are in a short time replaced ; if the pupil becomes 
closed up, we can make an incision in the iris and thus form an 
arCilicial pupil. Finally, if the crystalline itself becomes opaque, 
and it is necessary to remove it in order to open a passage for 
the light, we can still see, without its assistance ; only the dis* 
lance of distinct vision is greatly increased, as we should natu- 
rally expect, after taking away from the instrument a converging 
lens; but we supply the defect by placing before the eye a cob* 
verging glass of a suitable curvature ; and then we can see 
almost as distinctly as with the natural crystalline unimpaired 
This stability seems to be a general characteristic of alt oar 
organs of sense. 

224. Hitherto we have considered only the instrument of vis- 
ion. Its connection with the sensation, presents a mystery still 
more inexplicable. All we know is, that the impression pro 
dnced upon the retina is transmitted to the optic nerve, and by 
that to the brain. The circumstance that we have the sensation 
of objects erect, although we receive the image of them inverted, 
is not surprising. The image, which is the cause of the sensa- 
tion, must not be confounded with the sensation itself. The rajs 
refracted by the humours of the eye, have, when ihey arrive at 
the retina, directions quite different from those which they had 
when they reached the cornea ; yet, in thought, we alwa3rs refer 
the object to the prolongation of this primitive direction. We 
do this, because the experience of our whole life has taught us 
that the object is found in this direction. This result of experi- 
ence becomes associated with the sensation, as an invariable 
consequence, and the mind draws the inference instantaneously. 
Accordingly, a deception is practised, when the same artificial 
indications arc exhibited, without the intervention of real objects^ 
Thus objects, seen by reflection from a plane mirror, appear W 
be situated beyond its surface, although reason and experience, 
but an experience subsequent to the first lessons of our senses, 
apprise us of the error. This principle offers a simple and na- 
tural explanation of all the optical illusions, which are produced 
by glasses and mirrors. 

225. When we look at objects with only one eye, and are wrt 
previously apprised of their distance, we suppose them at the 
vertex of the luminous cone, which has the opening of the pupil 
for its base, and for its vertex some point of the object. Ac- 
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^or^iogljr, this estimate is only so far jast, as the objects are ^ffir 
(iently near to allow the angle of divergence of the rays whicl^ 
form the cone, to be sensible. When we look with both eyes at 
once, the same principle leads us to suppose the object placed 
at th^ point of meeting of the pencils which arrive at the two 
eyes, and which is the common vertex of the cones of which 
we have been speaking. Then the basis of measurement is 
ihei space between the eyes. It is therefore greater than in the 
preceding case. Accordingly, this estimate is much more correct 
than the other, as we may easily assure ourselves by observing 
thq difficulty of threading a needle when we look at it with only 
one eye, while nothing is easier when we look at it with both. 
But in order to see images single, it is necessary that they 
should fall upon corresponding parts of the retina, where we 
are accustomed to see them when they come from the same ob- 
ject. If we press the eye a little sideways with the finger, we 
ioiiDediately see two images, one at the same place with the 
former, and the other on one side of it in the direction in which 
the pressure has carried the eye. But jf we keep up the pres- 
sure for some time, this secondary image becomes faint and final- 
ly disappears, and we again see the image single at the same 
place as before. 

236. Experience teaches us that such pressures, when sudden 
and violent, produce tremors in the optic nerve from which results 
the sensation of light. This sensation may also be excited or 
destroyed by contrast. If, for example, the eye has been fixed 
for some time upon an extended space of a uniform colour, it 
•seems aftcrv^ard to abstract this colour, when it is directed to 
any other object ; and we thus see a spot on this object, the 
colour of which is complementary of that upon which the eye 
had been resting ; that is, it is composed of those rays from the 
object^ which did not make a part of the first colour. These ap- 
pearances, produced by contrast, are designated by the name of 
accidental cplours* 

227. Sometimes also, we observe in luminous objects, certain 
deceptions of another kind ; namely, stripes tinged with the 
colours of the rainbow, or bright halos of divergent beams. 
These effects are produced by the decomposition of light in the 
small humid drops, which are accidentally lodged between the 

Opt. 28 
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is cinincnlly exl^ibiled in ammonia, which is composed of hydrih 
gen and azote. The refracting power of this gas is double that 
of air, and therefore, according to the first table, exceeds that of 
water. 

But let us go further ; and, since each substance seems to carrj 
with it its peculiar character in all the combinations into whicb 
it enters, and to retain, to a certain extent, the force with which it 
acts upon light ; let us endeavour to estimate under this view 
the influence of the constituent principles which belong to any 
given mixture or composition* 

80. If we should attempt to discover these relatiofns for any 
other substance but light, we should meet at once with insuper- 
able difficulties, arising from the combination and degree of god- 
densation of the constituent principles ; for, although the chemi- 
cal action is exerted only at very small distances, yet these 
distances admit of being compared together ; so that the greater 
or less distance between the particles cannot fail to alter the 
intensity of the action. These variations, further modified by 
the figure of the particles, must render the ratios between the 
compounds and their elements, extremely complicated ; and 
though we cannot estimate the effects thus produced, it is man- 
ifestly on account of them that the two have not the same pro- 
perties. But, according to the most probable theory of light, the 
extreme minuteness of its particles, compared with the distances 
by which the particles of bodies are separated, must render the 
effect of small changes in these distances less sensible. Accord* 
ingly the refracting powers of bodies must differ little from those 
of their constituent elements, especially if these powers are to 
be ascribed simply to the action of the material, ponderable par- 
ticles, and if their energy is not modified by the greater or less 
abundance of imponderable principles, united with them, which 
the act of combination almost always changes. 

In order now to determine what must be the influence of each 
element, it must be remembered that the refracting power of 
a body is a quantity proportional to the sum of the attractive 
forces which it exerts upon light at different distances, and with 
a density equal to unity ; this sum being reckoned from the 
instant the luminous particle begins to be sensibly attracted by 
the body, to the instant it arrives at the surface. If then we 
suppose that the proper action of each element is not altered in 
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llie combination, it will follow that at each distance, taken within 
these limits, the total attraction experienced by the luminous 
particle, will be equal to the sum of the attractions exerted upon 
it by the different elements composing the attracting body ; and 
the part of the effect due to each element, will be proportional to 
the product of its proper refracting power by its mass, that is, by 
the ponderable quantity of this element which ent^ifs into the 
combination. 

8i. Let us, in the first place, try this law in those simple cases 
in which there is little or no condensation. Atmospheric air 
will afford a convenient example. It is known that this air when 
dry, contains 0,21 by bulk of oxygen g^s ; the rest is a mixture 
of azote, carbonic acid, and perhaps other gases in impercepti- 
ble proportions. For the sake of simplicity, we will take into 
consideration only the azote and carbonic acid ; and will sup- 
pose 0,784 of the first, and 0,006 of the second, these quantities 
being always reckoned by bulk. I adopt these proportions, 
because they agree very nearly with the results obtained by 
analyzing atmospheric air, and because they satisfy the values 
of the densities determined by experiment. Now in order to 
find the ponderable quantities of each element which enters into 
the volume 1, each fraction of this volume must be multiplied by 
the density of the gas of which it is composed. We shall thus 
have 

Oxygen . . . 0,210 X 1,10359 = 0,231754 
Azote .... 0,784 X 0,96913 = 0,759798 
Carbonic acid . 0,006 X 1,51901 = 0,009114 



1,000666 



This sum is nearly equal to tmity ; and that is what it ought 
to be, for it must express the specific gravity of the mixture, that 
is, of atmospheric air, which we have taken for unity. The 
error is like those that occur in observations of which no account 
is to be given. By neglecting it, the results which we have cal- 
culated will be precisely the ponderable quantities of the three 
elements which compose a mass of atmospheric air equal to 
unity. It remains then to multiply each of these by the refract 
ing power which corresponds to its nature, and we find 
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Oxygen 0,199682 

Azote 0,78d693 

Carbonic Acid 0,009157 

Refracting power of the composition 0,994533 

The sum of these numbers expresses the refracting power of 
atmospheric air, deduced from its constituent elements. To be 
perfectly exact, it ought to be equal to unity ; the error is equal 
to 0,005468, or about five thousandths of the total value. It 
would not amount to three tenths of a second in the eleyation of 
the pole at Paris; and this difference may arise from errors 
almost inevitable in making experiments ; for the preceding re* 
suit, depending on the specific gravity of the gases, their purity, 
and the refractions they produce, is connected with a great 
number of operations which are liable to error. 

Accurate and numerous analyses of atmospheric air, made in 
difi*erent climates, and under circumstances the most rarious, 
have shown that its ponderable principles are throughout the 
same, and that they exist always in the same proportions. It 
follows from this, that the refracting power of atmospheric air is 
, also the same throughout the earth, since it is determined by the 
partial refracting powers of its constituent elements. Accord- 
ingly, the tables of refractions calculated for one latitude, may 
be employed in all climates, regard being had to the variations 
of density produced by change of pressure and temperature. As 
to the difference which may arise from the moisture of the atmo- 
sphere, we shall show hereafter that it is sensibly nothing, and 
that it may be wholly neglected. 

82. Let us now consider the cases in which the constituent 
elements are united by actual combination ; and to proceed 
gradually, let us begin with affinities that are not very powerful. 
We have a very suitable subject in ammoniacal gas, composed of 
hydrogen and azote, whose combination does not prevent its pre- 
serving the gaseous state. In this example, as in the preceding, 
according to the analysis of M. Berthollet, the result is such, 
that if the compound had not been analyzed, and we had hardly 
known the nature of its elements, its refracting power would have 
indicated exactly its composition. 
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Proceeding now to more intimate combinations, we calculate 
in the same manner the refracting power of water from its con- 
stituent elements, hydrogen and oxygen. According to very 
accurate experiments made by MM. Guy-Lussac and Humboldt, 
water is composed of two parts by bulk of hydrogen to one of 
oxygen; which, reduced to weight, gives for 1000 parts, 117 of 
the first to 883 of the second. Each of these quantities being 
multiplied by the value of the refracting power belonging to it, 
the sum of the products gives 1,53545 for the refracting power 
of water, that of air being unity. The refracting power actu- 
ally observed by Newton, is found to exceed this by about \ of 
its total value. Thus oxygen and hydrogen gas, being condensed 
into water, exert upon light an action sensibly stronger than 
when in a state of simple mixture. The same experiment made 
upon other compounds gives similar results ; that is, the change 
from a gaseous to a compact state, always produces a sensible 
increase of affinity. But this is particularly remarkable in the 
diamond, which, according to experiment, has a considerable re- 
fracting power, although from the most accurate analysis, it 
appears to consist entirely of carbon, a substance which in a 
gaseous state, exerts only a very feeble action upon light ; at 
least if we may judge from carbonic acid, of which it is one of 
the constituent elements. 

Still the refracting power, deduced from chemical composition, 
will be found to differ very little, if at all, from the truth, when the 
state of the body undergoes only slight changes. The rule may 
indeed be employed with perfect safety in the case of mixed 
liquids, even those which exert a very strong action upon each 
other, as water and alcohol. We have seen that the mixtures of 
the gases presented a similar agreement. 

From what has been said, it seems probable that the refract- 
ing power of water in a state of vapour, differs very little from 
water in a liquid state ; and hence we are able to calculate the 
influence which its presence in the air has upon atmospherical 
refractions. We thus find that the excess of refracting force of 
this vapour over air, is almost exactly compensated by its infe- 
rior density ; so that on the whole, the refraction produced by 
masses of dry and humid air are sensibly the same, the pressure 
and temperature being supposed equal in the two cases. Indeed, 
this equality has been proved by experiment, and has been found 
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so exact that it was impossible to perceive any difference in the 
two cases. We hence deduce a practical principle of great im- 
portance to astronomers, which is, that their observations are 
independent of the hygrometric state of the air ; for, if moisture 
had any appreciable effect, it would render the calculations in 
astronomy much more complicated. Nevertheless, by a mode 
of observation still more delicate than the one here made use of, 
M. Arago has ascertained that aqueous vapour has a refract- 
ing power a little less than that of water in a liquid state ; and 
that in this respect there is a difference also in all other 
vapours, when compared with the liquids from which they are 
derived. Happily this difference is so small in the case of water, 
that if strict accuracy require that we should take account of it, 
still experiment shows that it may be neglected. 

83. In like manner we learn that change of temperature 
produces no perceptible change in the refracting powers of the 
gases ; for the deviations observed in summer and in a room where 
the moisture and temperature are artificially varied,- agree ex- 
actly with the results of calculation from refracting powers de- 
duced from observations taken in winter. It is probable, how- 
ever, that we should find a difference in this respect, if we 
were to operate at such degrees of cold as to admit the reciprocal 
action of the gaseous particles to become sensible by their ap- 
proach. It is also possible that in a liquid condensed by cold, the 
attractions resulting from the configuration of its particles might 
modify sensibly their action upon light. Perhaps we may attri- 
bute to this cause the curious fact observed by M. Arago, that 
the refraction of water in a liquid state increases in proportion as 
its temperature is reduced, even when its density is diminished 
by the dilatation it experiences below the temperature of 39^. 

^4. Hitherto we have considered the motion of light in homo- 
geneous media ; but we may likewise conceive of media of dif- 
ferent strata and composition, with a view to discovering what 
takes place when a ray of light traverses them. This problem 
is solved by means of the same principles which guided us in 
calculating the course of luminous pai*ticles as they approach 
the surface of bodies, or as they penetrate their substance to a 
small depth. We divide the medium, traversed by the light, 
into such a number of strata as to allow the [density and com- 
position of each to be regarded as uniform* Then, in £ach 
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of these strata, the path of the luminous particles may be con- 
sidered as a parabola, whose direction is determined by the 
actual intensity of the refracting power; and, continuing the cal- 
culation from stratum to stratum, we can ascertain successively 
the path of each luminous particle from the direction in which it 
is projected. 

Suppose ABCD such a medium, composed of horizontal strata. Fig. 71. 
whose ratio of refraction is at first constant for a certain height, 
and then goes on decreasing by insensible degrees, till at length 
it again becomes constant, but less than before. We shall have 
an instance of such a medium, if we conceive in the same vessel 
a thick stratum of sulphuric acid covered by a stratum of pure 
water, a disposition easily effected if we pour the water in first, 
and then introduce the acid by a glass tunnel, the end of which, 
drawn out into a narrow tube, is directed to the bottom of the 
vessel. The acid being heavier than the water, extends under 
its surface and raises it in proportion as its quantity increases. 
Now these substances having a considerable affinity for each 
other, tend to combine together, and the combination in fact 
takes place in the lowest strata of the water which lie imme- 
diately upon the acid. But by reason of their plane' figure, the 
attraction which they exert upon each other, as well as the dif- 
ference of their specific gravities, prevents them from changing 
places; and the strata of the two substances which arc in con- 
tact, being always the same, the combination can only be propa- 
gated from one to the other very slowly. Hence in spite of the 
strong affinity between water and sulphuric acid, if we do not 
make use of a very large vessel, we often find that after a whole 
day the upper strata of the water remain unmixed with the acid. 
Here then is a medium composed of strata that are parallel, 
heterogeneous, of different refracting powers and powers decreas- 
ing with the height. For the ratio of refraction of concen- 
trated sulphuric acid exceeds that of pure water, and it carries 
this property into the strata with which it enters into combina- 
tion. Let us now suppose that the experiment is made in a rec- 
tangular vessel of thin glass, in order that its vertical sides may 
present transparent parallel surfaces which will not change the 
regularity or the course of the luminous rays. Conceive now a 
radiating point situated at A^ on one of the sides of the vessel, at 
such a height that the strata of acid which correspond to it, shall 
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not be sensibly mixed with water. Then this point will be c»» 
pable of sending through the acid a horizontal ray, which will 
pass directly through the thickness of the vessel and may be 
received by an eye situated on the other side at O. But there 
may also arrive at O another ray, which, proceeding from the 
same point with the first, is first directed towards the upper 
strata in which the water is mixed with the acid. For, meeting 
in these strata a refracting power successively decreasing, the 
attraction' of the lower strata will continually draw and bend 
it towards them ; and if the inclination be properly chosen, this 
attraction will be sufficient to change it entirely, and cause it to 
turn towards the bottom in such a manner as to traverse anew 
the same strata in a contrary direction, and descend towards 
the point O, to which the first ray was directed. This effect 
actually resembles what takes place at the point of contact 
of two media of different refracting powers, except that, in 
this last case, the interior reflection is effected in a very small 
space, and is rapidly determined by the diminution which the 
attractive forces undergo as we depart from the common sur- 
face; while in the mixture of water and acid, the decrease 
of the attractive forces is rendered very slow by the gradual 
proportions of the combination. But it equally happens that 
at the point O, under certain limits of inclination, we can per- 
ceive two images of the radiant point, the lower one by its 
direct path, the upper one by its curvilinear path. To realize 
these consequences, paste to one of the sides of the vessel, a little 
below the intermingling strata, a small horizontal strip of paper, 
containing some writing. Then, on placing the eye the other 
side of the vessel, at nearly the same height, and attempting to 
read these letters, we shall see two distinct images, of which the 
lower one will be upright, and the upper one inverted. This 
ingenious mode of making the experiment was devised by Dr 
Wollaston. 

A similar phenemenon will be exhibited if, in the summer sea- 
son, we place the eye at the extremity of a horizontal bar of iron 
or dark coloured wood, exposed to the sun's rays, and, in the 
direction of this bar, look at small objects at the distance of one 
or two hundred paces. For this surface, being heated by the 
rays of the sun, communicates its temperature to the strata of air 
in immediate contact with it, dilates them, and gives them an 
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ektstic force sufficient to sustain the weifht of the superior strata. 
Now we have seen that the ratio of refraction of the air depends 
upon its density simply; consequently the strata situated im- 
mediately over the bar, will refract the light less than those 

• 

immediately above them ; and these again will refract it less 
than those which follow, until by a progressive but rapid grada- 
tion, we arrive at strata whose distance from the bar removes 
them from the influence of its temperature ; from this point the 
ratio of refraction will be sensibly constant. Hence it is clear, 
that if through such a medium we look horizontally at distant 
objects, situated in the direction of the bar and at a small height 
above it, we shall see two images, the one superior and upright, 
through the stratum of uniform density ; the other inferior and 
inverted, through the strata of variable density. This curious 
observation, together with many others relating to the same 
subject, b due to Dr Wollaston. 

• 85. The cause of these phenomena being once known, we can 
easily imitate them by methods of our own, \hich, besides the 
advantage of presenting them with certainty, have likewise that 
of exhibiting them in their full developement. A convenient 
apparatus for this purpose consists of an iron vessel of a rectan- 
gular shape, suspended about five feet from the ground by means 
of iron wires. In the direction of the sides of this vessel, at the 
distance of fifty or sixty feet, are placed small signals of paper 
of a triangular form, the vertices corresponding very nearly with 
the visual ray which grazes these sides. This done, we fill 
the vessel with coal partially ignited. Then, if we place the 
eye in the direction of the sides of the vessel, at the end opposite 
the signals, we shall see the image become double, as the tem- 
perature is raised, presenting distinctly two white points, one 
direct and the other inverted, which will approach each other 
in proportion as the visual rays come nearer grazing the sides, 
and at length join each other ; and this reflection, produced by 
the excess of temperature of the air in contact with the heated 
iron, takes place, as well on the vertical sides of the vessel as on 
the horizontal bottom. 

86. The same effect is sometimes very conspicuous in the 
strata of air contiguous to a dry and sandy soil, strongly heated 
by the sun. The density of the air, in this case, increases from 
the surface to a certain height, commonly very small, after which 

Opt. 12 
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it becomes for a short space sensibly uniform, and at length de* 
creases very slowly, according to the common constitution of the 
atmosphere. If we suppose an observer placed in a stratum of 
mean density, and looking at a distant object situated also io 
this stratum, he will be able to see it in two ways ; directly 
through the uniform stratum which intervenes, and indirectly by 
the rays reflected from the inferior stratum. These rays at 
first directed from the object towards the terrestrial surface, with 
a certain inclination, enter the strata of Jess density, are refracted 
there, taking a direction more nearly approaching to a horizontal 
line, whence they rise, and traversing the superior and denser 
strata which attract them, pass on to the eye of the observer. 
There will then be two images of the object, the one upright, by 
direct vision, the other inverted, by reflection. If the object be 
insulated on the dark ground of the sky, an inverted image of the 
sky will surround also the reflected image of the object exactly as 
when objects are represented by reflection on the surface of water. 
87. We are hence able to explain a very curious phenome- 
non, known to French mariners under the name of mtra^c,t and 
which the French army had many opportunities of observing in 
their expedition to Egypt. The land of Lower Egypt is a vast 
horizontal plain, the uniformity of which is interrupted only by 
some small eminences which serve for the sites of villages, and 
which are thus rescued from the inundations of the Nile. Morn- 
ing and evening, the appearance of the country agrees with the ac- 
tual disposition and distance of the objects ; but when the surface 
of the soil is heated by the presence of the sun, the ground seems 
to terminate at a certain distance by a general inundation, and 
the villages beyond resemble islands situated in the midst of a 
large lake. Beneath each village is seen its inverted image 
exactly as it appears in water. As we advance, the limits of this 
inundation appear to recede ; the imaginary lake which seems 
to surround the village retires 5 and at length entirely van- 
ishes, while the appearance is reproduced with respect to an- 
other village more distant. Thus, according to Monge, from 
whom this account is borrowed, every thing conspires to com- 
plete an illusion which is sometimes painful, especially in the 

t The English word looming is sometimes used to denote this ap- 
pearance, generally however it is employed in a more restricted 

sense. 
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desert, since it tantalizes one with the show of water at the verj 
time 'when he has the greatest need of it. 

A similar appearance is exhibited at sea in very calm 
weather. A ship seen at a distance and in the horizon, some- 
times preisents two images, one direct, the other inverted. The 
second answers exactly to the first, and is equally distinct ; in- 
deed the effect is precisely that of a reflection from a mirror. 
Hence the name, mirage^ which mariners have given to this 
phenomenon. As it is produced by the difference of heat be^ 
tween the water and air, it is commonly seen after sudden 
changes of temperature; since the density of the water at the sur- 
£aice of the sea does not admit of its taking these variations so 
rapidly as the air. But on the other hand, the temperature of 
Hie water, and the evaporation which is constantly going on at its 
surface, prevent it from taking so high a temperature as the 
sandy surface of an arid soil. For these reasons, the phenome- 
non of double images occurs rarely at sea, and continues only 
for a short time ; whereas in Egypt and on some sandy plains 
ID which the same circumstances present themselves at the same 
height of the sun, it occurs every clear day. 

88. M. Mathieu and myself observed at Dunkirk, on the sea- 
shore, many phenomena of this kind, and I have given the math- 
ematical^ theory of them.* I have proved that the consecutive 
paths or trajectories, traced from the eye of the observer, 
interest in their second branches, in such a manner as to form a 
caustic, below which no point can be seen. The curve LT ^. ^ 
represents this caustic, and DMS is the limiting trajectory, drawn 
from the eye of the observer, a tangent to the ground. I ciall it 
limiting trajectory, because it limits the heiglit where the inver- 
sion takes place. In this figure all the points situated above the 
trajectory can send only one image to the eye of the observer. 
Those situated in the space SLT send two, the superior being 
erect, and the inferior inverted. Lastly, those situated below the 
caustic in the space MLT, not being capable of sending any, are 
invisible ; so that a moving object, a man, for example, withdraw- 
ing successively to different distances, will present the successive 
^pearances represented in figure 73. 

Theory and experiment agree in proving that no very consid- 
erable difference of temperature is necessary in order that these 

* Memoirs of the Institute for 1809« 
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appearances may be produced. Two or three degrees of Fahren- 
heit's thermometer are sufficient, when the place of obseryation 
is a level and extended plain, which allows the luminous rays 
to be prolonged without obstacle, and thus to manifest the gui> 
vature of th^ trajectories described by them. Of this kind was 
the station selected at Dunkirk, it being a sandy beach situated 
in the downs, near fort Risban ; and the observations were also 
favored by the existence of a great number of distant objects, 
such as steeples, trees, and cottages, which, rising like so many 
signals above the dry soil, manifested the course of the rays by 
the appearances they presented. Moreover, the phenomenon of 
the doubling and inverting of the images, presented itself almost 
every day, arising from differences of temperature not exceeding 
three degrees of Fahrenheit. 

89. If we suppose a like difference of temperature to exist be* 
tween two strata of air, not placed vertically one above the other, 
but laterally contiguous, the phenomenon will still present itself; 
only it will take place in a horizontal direction perpendicular to 
the common surface of the two strata. The late M. Jurine and 
M. Sorret obser^'ed an apf)earance of this kind on the lake 
of Geneva, at a place rendered very narrow by the approach 
of the opposite shores. Now upon examining the configura«e 
tion of these shores, of which the one situated on the south 
side is bordered by high mountains, and the other, situated on 
the north side, is exposed to the rays of the sun, it will be easily 
perceived that such a difference of aspect, in calm weather, op 
even when a moderate wind is blowing parallel to the direction of 
the shores, may occasion for a moment, in the mass of air incuib- 
bent on the lake, a lateral inequality of temperature, and conse- 
quently of density ; and this may produce inflexions in the lumi- 
nous rays which traverse the mass of air in a longitudinal direc- 
tion sufficiently near the limit where the lateral variation of den- 
sity takes place. 

90. It sometimes happens also, that distant objects seem sus- 
pended in the air ; the image in this case is single, erect, and 
apparently not accompanied with any inverted figure.* 

~ ■■!■ .•■■I . I -iwi-i ■aim ■ II I ^a^^^v , ^_^^^ I ., Bill -■■■■■ ,, n^Ba^.M^M^^ 

^ This phenomenon is called by the French stispension^ and by the 
English looming. It has been shown in the memoir above cited, that 
when this phenomenon occurs, the second inverted image exists, but 
is infinitely reduced, so that we see only the erect image which is 
detached} on the inverted image of the sky. 
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When vision thus takes place by trajectories convex towards 
the earth or sea, the reflection is negative ; the apparent horizon 
is much lower than it ought to be, for the height where the ob- 
servation is made. Mariners ought, therefore, to be on their 
guard with respect to this phenomenon which tends to occasion 
considerable errors in latitude. It is found, indeed, by experi- 
ment, that these errors often amount to four or five minutes. 
The apparent horizon will therefore be too low when the sea 
is warmer than the air. If, on the contrary, its temperature 
is lower, its density is increased, but by a much more rapid law 
than ordinary; and the apparent horizon is sometimes raised 
very considerably. These errors may be avoided by ob- 
serving the height of the stars, not above the horizon of the 
sea, but above an artificial horizon, placed without the inferior 
strata, where the extraordinary variation of density always takes 
place. But this expedient is not always easy even on land ; and 
on board of vessels it is altogether impracticable, on account of 
the motion of the sea. In this case the error may be corrected, by 
taking, if it be possible, the distance of the two opposite horizons 
of the sea. The excess of the sum above two right angles, will 
give double the apparent depression of the horizon which it is 
necessary to employ in the calculation. Thus we shall know 
this depression by taking half the result. Unfortunately this 
observation of the two horizons, proposed by Dr Wollaston, 
appears very diflficult to be taken with accuracy ; and besides, 
'yre can seldom expect to find the differences of temperature be- 
tween the air and water to agree sufficiently to render the two de- 
jM^ssions equal. If it is not in our power to correct the error to 
i¥hich we are liable under these circumstances, it is at least well 
to be apprized of its existence and tendency, in order that we 
may not be misled by it. 



Double Refraction^ 

91. It has already been stated, that a beam of light in tra- 
versing crystallized bodies, is generally divided into two por- 
tions of which the one, called the ordinary ray^ follows the ordin- 
ary law of refraction assigned by Descartes ; while the other, 
called the extraordinary ray^ is subject to very difierent laws. 
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According to a very ingenious remark, first made by Dufay 
and confirmed by all succeeding observations, this phenom* 
enon takes place in all crystals, except those whose primif 
tive form is the cube or some of its geometrical derivatives. 
The separation of the refracted rays, proceeding from an inci- 
dent beam, is more or less considerable, according to the nature 
of the crystal, and the direction in which the light traverses it; 
but this last variation is subject to the same law for all sub- 
stances. In general, there are two directions, and only two, in 
which the separation of the two rays is infinitely small or noth- 
ing, and their velocity the same. These two directions are call- 
ed the axes of the erystaL In proportion as the refracted rays 
deviate from the axes, their velocities of transmission become 
different; and this diversity is manifested, in general, by the sep- 
aration or divergence which takes place in the rays, when the 
obliquity of incidence or emergence is the same. The in- 
equality of the velocities increases according as the refracted 
rays form greater angles with the two axes ; and it is the 
greatest possible when these angles are both right angles, that 
is, when the refracted rays become perpendicular to the plane 
of the two axes. Among the different kinds of crystals there 
are some in which the angle formed by .the two axes is abso- 
lutely nothing ; these may be regarded therefore as having but 
one axis. It is thus indeed that we did at first consider them; 
but it is better to imagine two axes, coinciding with each other, in 
order to preserve the analogy, and for the purpose of compre^ 
bending all crystals under one law. This case, however, is evi- 
dently more simple than the general one, because the inequality 
of the velocities depends entirely upon a single angle ; on this ac- 
count it will be examined first ; and to make the process still more 
easy, we shall take, for an example, the rhomboidal carbonate 
of lime, commonly called Iceland spar ; which, besides being re- 
markable for a double refraction extremely energetic, has likewise 
the advantage of being frequently met with in collections of 
minerals. 

92. The crystals of this substance present cleavages in three 
directions, remarkable for their evenness and the facility with 
which they are effected. They are hence often separated of 
themselves into an infinity of small rhomboidal solids, having 
each SIX faces, parallel two and two, and formed of similar par- 
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glass DG shall be nearly parallel. The junction of the twoprisms^^ 
is effected by heating ihem and melting between their aurfacea^^ 
some small grains of very pore masiic in tears, which are press-— — 
ed out into a very thin transparent lamina. This lamina after— ^a 
cooling is sufficient to make the two surfaces adhere strongly and^E 
to determine the passage of light from one to the other, so lhat::^k> 
vision becomes possible through the double prism. Then w c- * ,^ 

place this prism on the superior base of ihc colujnn H h, apply 

ing it by its face BC, to the column, which requires that the face^^ 
CF of the glass should extend a little beyond BC, or should be it^r^ 
its prolongation ; and in order that the crystal may remain fi»pr^ ) 
before the division JtZ, in the situation judged most convcnien*^ i 
for the experiment, we first put on the edge of the glass a fev^m^ 

small drops of inspissated spirits of turpentine, which are sufficient 1 

to make it adhere. This being done, we place the eye at I' , 
behind the posterior face of the glass, and look through the^s^ 
double prism at the vertical division .4Z. In vu-lue of the lwc=3 
refractions which (he crystal causes each ray, emerging from il '< 
to undergo, it appears double; so that, properly speaking, va^^ 
sec two scales of division, placed one above the other, in a com — " 

mon direction, at least while the lateral deviation is nothing, a ^''' 

we now suppose it. But the inequality of the two refractions---^ 
added to that of the distance, causes the homologous marks oB^ 
of the two refractions to separate unequally from each other, i^^^ 
in certain parts the deviation is half an interval between the marks^r^* 
a little further it is a whole interval ; and at this place the two*:^* 
divisions will coincide, the coinciding marks, however, not being 
homologous. Further on, the coincidence ceases, and the mai 
of (he two divisions again separate ; but at some distance from Ehis^ 
iheir deviation being increased to an entire interval, the lwo« 
divisions again coincide. If, for example, the division marketfc^^ 
iii coincided, in the first case, with the division marked 450, s«^^^ 
as to give a deviation equal to one of the spaces ; at the secont^E^ 
coincidence the deviation would be two spaces; that is, if one=^^ 
the divisions was 502, the other would be 600. It would be -^^ 
three Bpoccs if the coinciding divisions differed from each other 
by lhr«c vinils, and so on. Now, to follow out the consequences, 
Ici us take one of these cases, the second, for example. Since 
the marks A09 and 500 coincide, when seen through the double 
prbm I this proves thtU the ray; emanating from the mark fi03t | 
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place the eye it this plane, aod turn the crystal gradually upon 
its base, until the two images of the right line AC^ take a com- 
mon -diretltion; and present a partial superposition, as in fig. 76. 
Then^ as ^we know that the ordinary image always remains in 
the coqunon plane of incidence and emergence, the extraordina- 
ry imnge which coincides with it will be found there, in like 
manner^ This coincidence is observed when the straight line ACj 
the object of view, bisects one of the obtuse plane angles of 
the rhomboid, or is parallel to such bisecting line. Then the 
divergence of the two images, perpendicular to the plane of 
incidence, becomes nothing; and consequently, whatever lie the 
forces which produce the extraordinary refraction, it is certain 
that their resultant is comprehended wholly in this plane. On 
this account it has received a particular denomination, namely, 
the principal iection of the rhomboid. If we suppose the crystal 
on which these experiments are made to have the precise primi- 
tive form which belongs to carbonate of lime, the bases of the 
rhomboid will be perfect rhombuses; and then the principal 
section will contain the small diagonals drawn upon each base 
through the vertices of the obtuse angles. The plane of this 
section will then cut the rhomboid so as to form a parallelogram 
ABA'B', in which the sides jJJB, A^B'^ are the small diagonals Fig. Tk 
of the opposite rhombuses, and AB\ A'B^ the edges which con- 
nect them in the rhomboid. The line AA\ drawn through the 
two solid obtuse angles A^ A'^ is called the axis of the crystal ; it 
is equally inclined to all the faces, and forms with them an angle 
A'AB of 450 23' 25'% the angle B'AA' being 63^ 44' 45''. To 
this we are to refer all the phenomena of extraordinary refrac- 
timi, if we would obtain for them symmetrical and simple laws. 
Now this line exists only in crystals of Iceland spar, whose 
form presents outwardly the relations of symmetry which be- 
long to the primitive particle. It is likewise necessary to con- 
ceive its existence in each small element of all these crystals, 
whatever be the exterior configuration which art or nature has 
given to the sensible mass resulting from their aggregation, and 
it forms there the same angle among its faces. If, in one of 
these sokall elementary rhomboids, we imagine a plane normal 
to one of the faces and dividing its obtuse angle into two 
equal parts, this plane will be parallel to all the similar 
planes which can be drawn through each of the other cle- 
Qp^ 13 
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described ; in the fint place, the precision of the measurement 
extends to the divergence itself of the two rays, and not simply to 
the absolute incidence, in which a small error is seldom of any 
importance ; in the second place, the alternations of coincidence 
and separation of the marks perform, in a manner, the oflfice 
of verniers, by enabling us to fix with extreme accuracy the point 
where each coincidence is most perfect* The precision is ren- 
dered still greater by the facility with which we can move the 
column Hfc to a greater or less distance from the vertical divis- 
ion which enables us to vary the extent of the coincidences, and 
thus to fix the precise distance at which each takes place most 
exactly. 

108. According to what has been already observed, the coarse 
of the ray which experiences one of the two refractions, is the 
element from which we set out in calculating the course of the 
ray which experiences the other refraction. The first determi- 
nation is easy in crystals with one axis, where one of the refrac- 
tions always follows the law of Descartes ; and in this case, we 
set out from the ordinary refraction, as being most simple. It is 
then necessary to determine the constant ratio which is its char- 
acteristic. This can be done simply by the above apparatus. 
For this purpose, it is sufficient to cut in the crystal prism a face 
so little inclined to the others, as to admit of our observing the 
Fifi, 173. refraction directly through the angle thus formed. Then we 
put this angle on the column Hhhj one of its faces, and 
place the eye behind the other, at F, for example, and observe by 
refraction the ordinary image of O, one of the points of division^ 
and note at the same time to what point R the prolongation of 
the emergent ray FV, which comes to the eye, corresponds. 
The positions O, /2, being thus known, with the height of the 
point of incidence and the refracting angle of the prism, we can- 
calculate the ratio of refraction.* It is only necessary to be well 
assured that the refraction which we observe is of the ordinary 
kind. As to this we may satisfy ourselves either by verifjing 
the constancy of its ratio under different incidences, and witk 
every variety of direction as to the cutting ; or by observing 
the position which the ray thus refracted takes with respect 
to the other, in virtue of the law of extraordinary refraction, 

* For the formulas see Biot's Draiti A Physique, torn, iil, p. 209* 
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supposed to be known ; or lastl j, by means of a modification 
acquired by the luminous rays in the act of double refrac- 
tion, which Malus, to whom we are indebted for the discovery, 
has called the polarisation of lif^U This modification, being 
difierent for the two rays, will enable us to distinguish them ; 
and for this purpose it is sufficient, as we shall show hereafter, 
to observe the refracted division through a thin plate of tour- 
maline* The preceding method of observing refraction admits 
of a dispersion; but if the prism be not very open, and if 
we do not place it very far from the division which we ob- 
serve, this will not prevent the refracted marks from being 
still distinguishable with sufficient clearness. Finally, we avoid 
these inconveniences by placing before the eye a coloured glass, 
which allows only one kind of light to pass, as red, for instance. 
It is necessary, however, in this case, to reduce the results by 
calculation to what they would have been if we had observed the 
refraction of the mean rays. 

109. In crystals of two axes, where the two velocities are 
variable, there are also some modes of cutting, in which one of 
the velocities is found to have a constant value for all directions 
comprehended within it ; so that they offer the same facility as 
crystals of one axis, for determining the constants of double re- 
fraction. Suppose, for example, in the plane of the two axes, 
the two straight lines at right angles to each other, of which the 
one IB a middle or intermediate line between the axes, the other, 
called the supplementary line, dividing the supplement of their 
mutual inclination into two equal parts. If we form in the crystal 
two plane sections at right angles to each other, of which the 
one is perpendicular to the middle line, and the other to the sup- 
plementary line ; one of the velocities will be constant in the 
first section, and the other in the second ; so that we shall have 
in one or the other of these directions a constant ratio of the 
amea. These remarkable results were first made known by M. 
Fresnel, as the consequences which he had deduced from hisr 
qieealations respecting the nature of light. 

110. But there is another and a direct method by which we 
can vmfy this constancy of the velocities in certain sections of a 
crystal or other substance. We cut an artificial face perpen- 
dicular to each of these sections ; we then cause a ray to be 
reflected inward with different incidences, and see if the angle 
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of reflection is found to be equal to the angle of incidence, under 
all inclinations ; for this equality is a consequence of the con^ 
stancy of the velocity and is a characteristic by which it is 
known* To determine, therefore, whether it takes place, we 
have only to adapt to a parallelopiped of the substance under 
examination, another parallelopiped formed of glass or any other 
substance producing simple refraction which has been wrought 
at the same time with the first, in such a manner as to have 
all its faces common, and compare at one view the directions 
of the images of a small distant object, as the flame of a taper, 
for instance, reflected inward at the second surface of both bodies* 
For if, as we have supposed, the distance of the observed object 
be very great, compared with the dimensions of the double par- 
allelopiped, the two reflected images must present equal devia- 
tions when the velocity of the reflected ray is constant in each 
of the two substances; and a small difierence between these 
velocities, like that which is capable of being produced by sub- 
stances hitherto known, will have absolutely no sensible eflfect 
in disturbing this equality, as may be easily ascertained . by cal- 
culation. It is sufficient then to observe whether this equality 
exists, and continues through the progressive difierent inclina- 
tions which may be given to the reflected and incident rays by 
moving the double parallelopiped before the eye. 

111. To avail ourselves of the operations performed by the 
preceding methods, as well as by other similar ones, it is nece^ 
sary that the position of the axes of the substance on which 
we operate, should be determined with exactness in each of the 
fragments observed. This is easily done when the substance 
has been already examined, and the direction of its axes indi- 
cated with reference to some one of its natural faces ; for then it. is 
sufficient to separate a fragment at the natural cleavage, which 
will make known either this face itself, or some other related to 
it according to the laws of crystallization ; so that we shall Ipipw 
the position of the axes in the fragment thus obtained, and god- 
sequently in the rest of the mass from which it is taken. When 
the substance which we observe is new, or when the position of 
its axes is not yet known, the fixing of these lines by double re- 
fraction alone, might require many inefiectual trials, especially on 
account of the aberration caused by the lateral deviations.; but 
the polarisation of doubly refracted rays, offers for this purpose 
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a simple and sure indication by the aid of which the axes may 
be directly discovered with ease and accuracy. We may sup- 
pose, therefore, that their direction has been determined by this 
or some other process, and that it is actually known in the crys- 
tals which we wish to subject to observation. 

This being done, suppose that by means of the apparatus 
above described, or some other similar method, we have deter- 
mined for a certain crystal, the divergence of the rays for dif- 
ferent directions about its axes ; it remains to ascertain the pro- 
gression of these divergencies, and form their general expres- 
sion in relation to the axes of the crystal. Huygens, as before 
stated, has done this for Iceland spar, by means of a remarkable 
law which he connected with the theory of the undulations 
of light ; but this same law has since been deduced by Laplace, 
from the theory of its materiality. 

If we regard light as a material substance emitted from the 
luminous body, the refraction of the rays which traverse trans- 
parent bodies, is produced by the attractive forces, which the 
particles of these bodies exert upon the luminous particles, forces 
whose effect is sensible only at very small distances, and which 
in this respect are precisely similar to those which belong to 
chemical affinity. Accordingly, when a ray of light pene- 
trates a refracting surface obliquely, the curved portion of the 
path which it describes, has only an infinitely small extent, 
inappreciable by our senses; so that the ray appears to be sud- 
denly broken and changed, as to its direction, at the point of 
incidence. Now since the curve which it describes is imper- 
ceptible, we cannot deduce from its forni, the nature of the forces 
■which act upon the luminous particles at each point, as we dis- 
cover the law of universal gravitation, from the form of the 
orbits described by the planets and comets ; and we are accord- 
ingly reduced to the alternative of conjecturing the nature of 
these forces, from indirect inductions, and then of verifying it 
by the agreement of the results with experiment. Newton has 
done this for ordinary refraction, or where the velocity is con- 
stant, by considering each luminous particle which traverses a 
refracting surface, as acted upon before, during, and after, its pas- 
sage, by attractive forces, sensible only at very small distances, 
and emanating from all the particles of the refracting medium. 
This definitk>n specifies nothing respecting the law according to 
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which these forces ditninish in the space through which they ao 
sensibly variable; it allows us only to calculate the resultaj) 
for each distance, and to suppose them constant when the dSj 
lance becomes sensible. Now these data arc sufficient to eDab| 
us to calculate, not the variable velocity of the luminous paid 
clea in their curvilinear motion, nor the nature of this motipi 
but only the ratio which exists between the velocities and uj 
definite directions which they take, cither within or without tM 
refracting medium, when the distance of the luminous partickj 
from the refracting surface has become so great, that the coun 
of the ray is sensibly rectilinear ; and ibis comprehends all tttj 
limits of distance within which we are able to observe. j 

112. In the case of extraordinary refraction, produced tn 
crystallized bodies, we have not even this advantage of bein 
able lo define the origin of the molecular or elementary foru 
nor the manner in which it emanates from each individual pai 
tide of the crystal ; for our representation of the phenomena bd 
attractive and repulsive forces emanating from the axes, is on1| 
the indication of a combined result, and not the expression of | 
molecular action. All that we know, therefore, in this case, a 
at least all that wc can supp>osc, when we adopt the hypothoal 
of the materiality of light, is that the forces, whatever they mag 
be, which act upon the luminous rays, in this as in every oth^ 
case, emanate from the particles of refracting bodies, and an 
attractive or repulsive ; whether they exert a power of the saia 
kind upon all the luminous particles, or whether the nature i 
this power varies according to the peculiar modifications of thea 
particles. Now in cases where a material particle is acted upd 
by such forces, its motion is subject to a general mechanici 
condition, called the principle of least action. By employing tu 
together with the particular condition, that the forces are scid 
ble only at very small distances, Laplace has obtained ti^ 
equations, which determine completely and generally the direc 
tion of the refracted lay, for each given direction of incidence^ 
-when we know the law of the definitive velocity of the tuminouB 
particles, in ihe interior of the refracting medium, at a sensible 
distance from its surfaces. 

113. In the case of ordinary refraction, the definitive velot 
is constant ; for the deviation of (he ordinary ray is the ! 
ill the same body, in whatever direction it be tried, ptivid 
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the incidence is the same, and the surrounding medium does not 
change. Also when we suppose the interior yelocitj* constant, 
tlie equations deduced from the principle of least action, show 
that the refraction takes place in the prolongation of the plane 
of incidence itself, and according to the constant ratio of the 
sines, which is in fact the physical law of ordinary refraction in 
all bodies hitherto observed. 

Hence it was natural to suppose that extraordinary refraction 
was produced by a velocity varying according to the direction 
of the ray, about the axes of the crystal. Beginning, there- 
fore, with crystals of one axis, we have seen that double 
refraction is exerted symmetrically about the axis; and that, 
being nothing in the direction of the axis itself, it attains its 
maximum when the rays cut it at right angles. For the crystals 
in question then, we must confine ourselves to the laws of velo- 
city which satisfy these conditions. Laplace has tried the 
following equation, 

f/» :szv' +k sin « Vj 

in which v represents the ordinary velocity, t/ the extraordinary, 
17 the angle formed with the axis by the extraordinary ray, and 
k a constant coefficient for each crystal. The substitution of 
this law of velocity in the eqijations derived from the principle 
of least action, gave him at once the law of Huygens. This 
law was at first completely verified only for Iceland spar; I 
have verified it also for rock crystal and several other sub- 
stances. Generally the coefficient k, is positive in crystals of 
double refraction attractive, like rock crystal, and negative in the 
others. Its absolute value changes, likewise, with the substance. 
Sometimes, indeed, it has variations for different specimens of 
the same kipd of mineral, which may be owing to slight dif- 
ferences of composition or structure ; but amidst these different 
modifications, the same law of velocities applies to all crystals 
of one axis, hitherto observed. 

114. Now for cryistals of two axes, the extraordinary velocity 
v' must be supposed to depend upon the two angles (7, V\ 
which the axes form with the refracted ray. Analogy, there- 
fore, leads us to try whether the square of this velocity may not 
also be expressed by a function of the second order, but more 
general, that is, having relation to these two angles. Now, since 
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ID everj crystal of two axes, the two refractions become equal 
when the refracted ray takes the direction of one or the other of 
the axes, it follows, that in this case, the extraordinary velocity 
becomes equal to the ordinary. This condition limits the gener- 
ality of the function of the second order, and reduces it to the 
following form ; 

&' =iv^ +k sin UsinU'i 

that is, there remains only the product of the two sinesb* 

By introducing these formulas into the equations denved from 
the principle of least aclion, we determme the course of the ray» 
for all cases, and it only remains to see whether this course 
agrees with the results of experiment. In order to make the com- 
parison in a rigorous manner, I have instituted, by the method of 
coincidences, and with the aid of the apparatus above described, 
a great number of experiments upon the white topaz of Saxony, 
the yellow topaz of Brazil, the anhydrous sulphate of lime 
and cuclase, which are crystals of two axes, and of a form 
and composition altogether different the one from the other. 
The measures given by experiment are found to agree mth the 
formulas most perfectly. 1 have observed a similar agreement 
in several other crystals, by applying the same law to a differ* 
ent class of phenomena, but yet connected with double refrac- 
tion. I'his accumulation of proof leaves no doubt, that the law, 
indicated also by such strong analogies, is^ in fact, the .law of 
nature. It may be remarked, that the law under consideration 
comprehends, as a particular case, the law of Huygens, for crys- 
tals of one axis ; since, by considering these crystals as having 
two axes united in one, we have their mutual inclination equal to 
zero. Then the two angles 17, U'^ formed with the two axes 
by the refracted ray, become equal; and the increase of the 
square of the velocity contains only the square of the sine* 
In this investigation I have supposed one of the two veloci- 
ties to be always constant in the same crystal, whatever be 
the direction ot the transmitted ray. This is indeed the opin- 
ion generally entertained 5 and since, by adopting it, and apply- 



* I presented this law to the Institute with the observation by 
which it is proved, the 29th of March, 1819. 
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ing to it the principle of least action, all the phenomena of diver- 
gence which I have observed, were found to be represented with 
an exactness which left no room for sensible error, even in crys- 
tals whose double refraction is the most energetic, I confined my- 
self to some direct attempts to verify this constancy ; and finding 
that they appeared to confirm it, I dismissed all doubt upon the 
subject. Meantime the experiments of M. Fresnel, which I have 
myself veri^ed both by his method and by that of interior re- 
flections, already explained, show that the supposition of a con- 
stant velocity is not exact. But by two singular circumstances 
it appears why, by adopting it, the observations are capable of 
being so faithfully represented. On the one hand, the variable- 
ness of the velocities, which increases with the angle formed by 
the axes, is found to be exceedingly feeble and almost insensible, 
in the most energetic crystals which have been made use of; and 
on the other, 4his variableness is such, that the difference of the 
square of the velocities preserves the form which I have assigned 
it ; that is, for each couple of rays which have the same direction 
of interior transmission, it is, according to M. Fresnel, really pro- 
portional to the product of the sines of the angles comprehended 
betwten this direction and the two axes of the crystal ; whence 
we see that, by reason of the feebleness of double refraction in 
all known substances, the divergence of the rays, which is sensi- 
bly proportional to the difference of the velocities, is found to be 
expressed as exactly by the false supposition of a constant velo- 
city, as by the true supposition of its variableness. 

115. The ideas of M. Fresnel concerning the nature of light, 
su^ested to him a geometrical construction, by which he repre- 
sented generally the velocities of rays refracted by any crystal 
whatever. This construction, represented algebraically, gives 
the following expression for the velocities of two rays which 
accompany each other in their passage through the crystal, that 
is, which traverse the crystal in the same direction. Let v, t/^ 
be the velocities of these two rays, and 17, C7', the angles which 
they make with the two axes of the crystal ; and let n and k be 
two constants, belonging to the two substances. We shall have, 

V* =n« +A:sin« i {U' — IT), 

«?'« = n« -f fc sin « i {V + 17). 
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Whence we obtain generally, 

tK« — «« = Jfc [(sin » 4 ( £7' + CO — sin « 1 ( f/' — t7)], 

or by developing the multiple sines of the second member, we 
shall have 

tK« — «« = Jfcsin 17 sin 17'; 

that is, the difference of the squares of the velocities is propor- 
tional to the product of the sines of the angles formed by the 
rays with the two axes, agreeably to what we had before dis- 
covered by experiment. When the crystal has only one axis, 
the two angles f7, U', become equal, and then U' — t7 is con- 
stantly nothing. Hence it follows that the velocity v reduces 
itself to n, and is then constant in all du-ections. This velocity, 
which depends generally on the difference of the two angles 17, 
17', answers then to what we call ordinary ; and^thc other v', 
depending on their sum, is that which we call extraordinairjf. 
To abridge the enunciations, we shall hereafter adopt this mode 
of expression. 

Although the velocity v is, generally speaking, variable in 
crystals of two axes, yet it becomes constant in these same cryfr< 
tals, when the refracted ray is comprehended in a plane situated 
intermediate between the axes and perpendicular to the sup- 
plementary line ; and this is what the formula represents ; for 
then U =: U\ and the expression for v is reduced to the con* 
stant n. On the other hand, if we draw a plane through the 
supplementary line perpendicular to the mean line, all the rays 
comprehended in this section will form with the two axes, an- 
gles U^ U\ supplementary to each other, and consequently their 
sum will be always constant and equal to 18(P. Thus in this 
section, the sine of the angle \{V' -^ U) will have a constant 
value equal to unity ; whence we see that the velocity r/ will 
then become constant, and will have its square constantly equal 
to n^ 4~ ^* These are precisely the first results at which M. 
Fresnel arrived, 

116. If we represent by nf this particular value of the velo- 
city v\ k will be expressed by n'^ — n*, and the general ex- 
pressions for the two velocities r, i/, will be 

v^ =n^ + (n'» — n«) sin » ^ (£7' — C7) ; 

v'^ = n^ + (n'« — n») sm » ^^{U' + U), 
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in which th^ two constants n^ n', have now a physical significa- 
tion* 

We do not undertake to say generally that the law given by 
this philosopher, embraces all the phenomena, for we have not 
yet examined the subject sufficiently to hazard such an assertion ; 
but we are at least convinced that it unites a great number, and 
that it satisfies particularly all those which relate to the diver- 
gence of rays simultaneously refracted. Accordingly we shall 
adopt it in what we have to say hereafter with respect to these 
phenomena. 

117. It follows from the foregoing considerations, that in order 
to be able to predict the course of luminous rays, and their de« 
viations for all possible directions, in a crystallized substance 
possessing the property of double refraction, it is sufikient to 
observe these deviations in a single fragment of this substance, 
in directions known with respect to the axes ; and after compar- 
ing these deviations with the theoretical formulas, to deduce 
thence the values of the two constants n and n\ of which one 
represents the ordinary velocity, and the other the extraordinary, 
wben the angles [/, 17', are both right angles ; that is, when the 
rays traverse the crystal perpendicularly to the plane which con- 
tains the (wo axes. 

Here, as in simple refraction, the velocities v, v', are not rigor- 
ously the same for the different simple rays which compose 
white light. The images also, given by the two velocities, are 
generally coloured and dispersed as well as the ordinary images, 
though not in the same manner. We shall examine the laws of 
this phenomenon in detail, when we come to speak of the decom- 
position of light and the analysis of colours. 

118. We shall also defer giving a particular description of a 
resiarkaUe &ct discovered by Mr J. F. W. Herschel, son of 
the celebrated astronomer; namely, that in the same crystal, 
the axes of doable refraction relative to the different simple rays 
are irftoa sepa^^ted from each other, forming for each species of 
rays, couples ui! equally inclined, though always comprehended 
in the same pla.'o and symmetrically disposed about the same 
straight line which bisects the angles of all the couples. This 
dispersion has been observed hitherto only in crystals of two 
axes. It hence resuks that with the same incidence, the an- 
j^les Uy U\ fenned by the refracted rays with the axes, arc 
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difTerent for different species of rajs, which circumstance must 
affect the deviations they experience. Hence, in order to de- 
fine rigorously all the phenomena, it is necessary to men- 
tion the particular* species of rays with which they are sup- 
posed to be observed. Hereafter, when we use no limitation 
in this respect, it is to be understood as in the case of ordinary 
refraction, that regard is had to the mean rays of the spectrum, 
that is, to the green or yellow ; or rather that we are speaking 
of a phenomenon in which the effect of dispersion is insensible 
or inconsiderable. 

119. In general, for the same species of simple rays, the values 
of the coefficient /r, or n'* — n*, are different in crystals of dif- 
ferent forms and different natures; whence it follows that double 
refraction exerted by these bodies is of very unequal energies. 
We find also that substances of nearly the same composi- 
tion, act in this respect very differently. Common sulphate of 
lime, for example, has a very weak double refraction ; whereas 
the anhydrous sulphate of lime has a very strong one. It is 
true that the primitive forms of these two substances are very 
different. But the pure carbonate of lime, and the magnesian 
carbonate of lime, both of which have the primitive form of 
rhomboids, and rhomboids whose angles are so nearly equal that 
the difference, though real and measurable, has been doubted, 
have also double refractions sensibly unequal* For the mean 
value of k^ which is 0,543 for the first, according to my experi- 
ments, varies for the second from 0,581 to 0,591 ; and it is pro- 
bable that this last variatbn is owing to a small difference of 
composition. Some beryls which do not differ externally, ex- 
cept in colour, give also values for k very sensibly unequal ; and 
several specimens have even exhibited phenomena which seemed 
to indicate the existence of two axes. Hence we may conclude 
generally that when two crystallized substances differ in their 
composition or in their primitive form, they differ also in thim 
property of double refraction ; and reciprocally, that a diffinS 
ence as to double refraction supposes always a difference in com- 
position or structure, which renders this kind of phenomena 
very useful in characterizing minerals. 

120. The coefficient fe, not only experiences variations in its 
value, in passing from one substance to another, but also in* its 
sign. It is positive for some substances and negative for others. 
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over, the preceding definition embraces the construction which 
we have assigned to this section. For, if we suppose the two 
axes to approach each other until they form one line, these three 
planes will become one, which will be drawn through the single 
axis and through the normal to the face we are considering, 
which is precisely the construction of the principal section for 
crystals of one axis, according to the definition we have given* 



Reflection at the second Surface of Crystals* 

1 22. The theory we have been explaining, is not confined to 
rays refracted extraordinarily by crystals. It applies also to 
those which are reflected inward at their second surface. Bat 
before entering into a detail of the consequences thus indicated, 
it is necessary to establish by experiment the principal charac- 
teristics of this kind of phenomena. 

When a ray of light falls upon the first surface of a ciyBtal^ 
coming through a vacuum or any medium not crystallized^ h is 
partially reflected in a single beam, in such a manner that the an* 
gle of reflection, reckoned from the normal, is equal to the angle 
of incidence. The atti*active or repulsive force which emanates 
from the axes of the crystal, appears to have no influence on 
this phenomenon ; for we may turn the crystal upon its plane in 
all possible directions without altering the intensity or the direc- 
tion of the reflected ray. But it is not so with respect to the 
interior reflection which takes place at the second surfiatce of the 
crystal. Each ray reflected at this surface, is generally divid- 
ed into two portions which return into the crystal, the one ex* 
periencing the ordinary refraction, the other, the extraordinary, 
these terms being used in the sense already explained. 

123. In order to comprehend the cause of this division, it must 
be understood that rays, refracted either ordinarily or extraor- 
dinarily, when they have penetrated into the interior of the crys- 
tal to a sensible depth, acquire such a mode of arrangement of 
their particles, that they can no longer be divided during their 
(iourse through this crystal ; and experiment proves that they 
would no longer be divided if they should traverse a second 
crystal contiguous to the first, and having its principal section 
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directed in the prolongation of the first. This particular mode 
of arrangement constitutes what Malus has termed the polarisO' 
^ion of l^ht. Now when the particles which compose the same 
ray, refracted ordinarily or extraordinarily, approach the second 
surface of a crystal, at a distance sufficiently small to experience 
the influence of the reflecting forces proceeding from it, it hap- 
pens, in general, that a certain number of particles are turned 
by these forces into directions different from those derived from 
refraction ; so that in returning into the crystal by the effect of a 
total or partial reflection, they become anew susceptible of being 
divided into two refracted portions, ordinary and extraordinary. 
I say, in general, for there are certain particular positions, in 
which the reflecting forces do not alter the arrangement originally 
given by refraction to the luminous particles ; and then the ray 
is reflected without being divided, or even escapes reflection en- 
tirely. It is sufficient for the present, to observe that the forces 
in question only influence the intensity of the reflected portion, 
and not the direction derived from reflection. A ray which is 
reflected single, or which emerges from the crystal without being 
reflected, would suffer double reflection, if the particles which 
compose it were otherwise disposed ; as may be verified by ex- 
periment. Accordingly the direction of the reflection is the first 
thing to be determined. 

134. This determination is easily made with respect to crystals 
of one axis, in which one of the velocities is constant. It is suffi- 
cient to rely on this fact, that the reflected ray must be affected on 
reentering the crystal, as a ray would be, which came from with- 
out, and whose particles had not originally received any particu- 
lar disposition. Now in case the crystal has only one axis, the di- 
rection of the return is determined by the known reflection of the 
ordinary ray having a constant velocity. Let P be the point of Fig.sa 
interior incidence, and OP the incident ray. If it has suffered 
ordinary refraction, construct the ordinary reflected ray Z'O", 
which makes the angle of reflection equal to the angle of inci- 
dence, on the other side of the normal PN^ ; then calculate by 
the theoretical formulas, the direction of the extraordinary ray 
PE'^^ which corresponds to it at its departure from the point of 
reflection P, that is, which has proceeded from the same exterior 
incident ray ; we shall thus have the two reflected rays which 
result from the division of the incident ray O'/', after reflection. 
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S63. These measurctnenls Newton made. He took the diam- 
eter of the simple tings of Ihi samt order, at the interior and 
exterior pan of their perimeters, considering them successive 
ly at the limits of the different colours of the spectrum, beginnii^ 
with extreme violei. According to his constant practice, he 
took care to connect these results by a mathematical law, 
which should represent them with sufficient accuracy. He thuf 
found that the diameters, whether inierior or exterior, were I» 
each other sensibly as the cube rooLs of the numbers J, ^ 
i' f' f' li li 'i which represent the lengths a musical cord 
must have, in order to produce all the notes in an octave} 
that is, if we represent by 1 the interior diameter of a certain 
ring, when it is formed by the red rays which compose the ex* 

treme part of the spectrum, \/^ will express the interior diamM 
ter of the same ring, when it is formed by the rays which ai* 

the limit between the red and the orange; and soon to v^iiji 
which will express the exterior diameter of the same ring, wheS 
it is formed of the last violet rays taken at the other extremity 
of the spectrum.* Knowing the ratios of the diameters, New- 
ton took the squares of these ratios, and they gave him the 
proportions of the thickness which ihe plate of air must hav^ 
at the beginning and end of the observed rings. Similar meaa- 
uremenis, made upon the different orders of rings formed by thd 
same simple colour, showed that the intervals of the thicknesses 
where the reflection look place, were sensibly etjual to those 
where transmission took place ; so that if we designate generalljf 
by e,, the thickness of the air at the commencement of the first! 
bright ring formed by Any of the simple rays, this ring ends with 
the thickness 3e,, and thus occupies an interval of ibicknestf 
equal to 2ei ; after which comes the first dark ring, occupying 
also the same interval of thickness 2 e, ; next to this in course, 



• The numbers here employed by Newton, have to each other s 
very singular relation, which was first noticed by M. Blanc. It is this f 
if we multiply together two terms taken at equal distances from tbv 
extremes, for esamplo, -^ and f , J and |, or | and f , we shall alwayt 
have B constant product ^, which is equal to that of the two extremw 
terms. I shall hereafter make known the remarkable consequencW 
which result from this relation. 
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total reflection begins in each crystal, depends upon its greater 
or less refracting power, and that of the exterior mediuoi ; but 
we cannot in the same way calculate its limits theoretically, be- 
cause we are ignorant how the attractive or repulsive force, 
which proceeds from the axes of the crystal, varies near its sur- 
face. It is, therefore, necessary to recur to experiment, and to 
determine the commencement of total reflection by the impossi- 
bility of obtaining an emergent ray. I have given a detailed 
account of this calculation* for crystals of one axis, and have 
developed the remarkable consequences which result from it, in 
relation to the variations which the forces, proceeding from the 
axes, undergo near the exterior surface of crystals. Crystab 
of two axes ofier similar considerations. One of the best means 
of ascertaining the nature of these forces, is to place the surfaces 
of the crystal in contact with transparent media of a greater re- 
fracting power than themselves, for instance, with phosphorus 
in a state of fusion, and to note the limits, as well as all the 
other particulars of interior reflection in media thus termmated. 
Perhaps we may be able to measure by this process, the double 
reflection of opaque bodies, as Dr WoUaston has determined 
their simple refraction. This investigation requires some theo* 
retical principles which will be detailed in the following section^ 



uage of Light through several Contiguous B 

Power of Double Refraction. 
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t^aasage of Light through several Contiguous Bodies- possessing the 



126« We have supposed the preceding experiments to be 
made in a vacuum, or in the air, whose proper action upon light 
is so feeble as to have no sensible effect. We are now to inquire 
what takes place when the rays which penetrate a doubly re- 
fracting crystal, instead of entering from the air, pass out of a 
medium possessing the power of double or simple refraction. 

Let us begin with this latter case, which is less complicated, 
and for still greater simplicity, let us suppose also that the crys- 
tal, into which the ray is to pass, has only one axis, in which 
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tal, still remains single ; but it changes its refraction, from ordi- 
nary in the first, to extraordinary in the second, and vice versa. 
Between these two limits of position, each ray, whether ordinary 
or extraordinary, coming from the first crystal, is divided into 
two when it enters the second, and these portions obey the laws 
indicated by the preceding constructions. But the intensity of 
each portion depends still upon the angle made by the two prin- 
cipal sections, increasing or diminishing with this angle, accord- 
ing as the motion of the principal sections causes the portion to 
divei^ge from or approach to the limit where it ought to disap- 
pear. Hence we must conclude, that the formation or non-for- 
mation of two portions in the second crystal, depends upon the 
physical modifications which the particles may have acquired in 
the first crystal, modifications which render them better fitted to 
undergo the one or the other refraction in the second, according 
to the directions of their faces, with respect to its axes ; which 
does not prevent the theory from indicating with exactness, the 
directions of translation, which these particles would take, if 
their physical state permitted them to be shared between the 
two refractions. Similar cases have already been presented by 
refraction at the second surface of crystals ; for, in fact, a ray 
reflected inward at the second surface of a crystal, experiences 
the same influence, as if it emerged entirely from the crystal 
to enter another or return into the same. 

138; Hitherto we have supposed that the contiguous media 
urere composed of crystals of only one axis. This supposition, 
\>y rendering one of the velocities constant, allowed us to calcu- 
late its propagation by Descartes^ law of the sines being extend* 
^ to contiguous media of dificrent refiracting powers. This 
expedient cannot be employed when one of the contiguous media 
is a crystal of two axes ; since then its two velocities are gener- 
^ly variable ; but we can supply the defect by considering that 
the rays, at the moment when they traverse the surface of con- 
tact, are without the sphere of action of the forces by which the 
double refraction is produced ; so that they are really in the 
same condition they would be subjected to, if they had passed 
i¥ith their preceding velocity, acquired from an uncrystallised 
IxKly, into another likewise unciystallized, but of a differ^t 
refraction. In this case, their definitive course would be still the 
same, if, instead of introducing them thus directly into the second 
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it emits from being mixed with foreign light. In this case, the 
lower border of the image will invariably appear painted red, 
and the upper one blue and violet. 

If we observe in this manner a very thin white object, for exam- 
pie, a white pin, a silver wire, a thread of while silk, or a narrow 

fif^ Id strip of white paper, placed on a dark ground, parallel to the 
edges of a prism, of a sufficiently refracting power, we shall per- 
ceive no white at all in the image s s^; but this image will appear 
entirely made up of parallel zones of different colours, among 
which we distinguish particularly, three distinct hues, the red at 
the bottom, the green in the middle, and the blue at the top.* 
Whatever be the nature of the substance whose image is thus 
observed, provided the colour he white, it exhibits, when seen 
through the prism, exactly the same series of colours ; and if 
the dimensions of the several substances thus seen, are equal, it 
is absolutely impossible to distinguish one from the other. 

144. Let us now endeavour to analyze this phenomenon and 
see the consequences to which it leads. The first circumstance 
we have to remark, is the dilatation of the image in the di« 
rection of its height. Indeed, if the object SS^ were a mathe- 
matical line, parallel to the edges of the prism, and if all the 
rays which emanate from it were refracted according to the 
same ratio of the sine of refraction to the sine %{ incidence, the 
figure of the refracted image s ^, must also be a straight line 
without breadth ; and though we cannot rigorously reduce an 
object to this limit, it is yet easy to see that, when the object is 
very narrow, as a pin, any further reduction is idle, since it does 
not sensibly change the size of the observed image. Moreover, 

ti*. 101. whatever be the length SS* of the object, if all the rays coming, 
from it are refracted through the prism according to the same 
ratio of the sines, it is evident from calculation, that we can 
always find such a position, that the angle liOR\ contained be« 

* To perform this experiment well, we should make use of a prism 
of flint glass, of a refracting angle equal at least to 60^. Then the 
zones are perfectly obvious and distinct. If we have not such a 
prism, we can construct one with two glass plates, inclined to each 
other at an angle of about 60^ or more, the space between them 
being filled with pure water, or water saturated with the acetate of 
lead, in order to increase its refracting power. 
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tween the two emergent rays coming from its extremities, will be 
precisely equal to the angle SKS\ contained between the tw6 
incident rays from which they are derived, that is, equal to the 
apparent diameter itself; at least if we suppose the object so far 
distant, that the distances RK and RO^ of the point K and the 
observer from the prism, may be regarded as nothing compared 
with S/and s P. The position of which we speak, is that in which 
the angle SIA is equal to the angle OR'B. Now this equality i} 
far from what we actually observe ; for whatever position we 
give to the prism, and whatever inclination it has with respect to 
the incident rays, we can never render the refracted image equal 
in extent to the direct image ; and the difference is more sen- 
sible, according as the object is smaller. This result, which is 
confirmed and rendered general by all the experiments which 
follow, obliges us to conclude, that the luminous rays which come 
from terrestrial objects^ do 7iot all observe^ on being refracted^ the 
same ratio of the sine of incidence to the sine of refraction* 

1 46. We have, moreover, remarked that the image of the pin, 
silk thread, &c., is composed ot' parallel portions of different 
colours. Hence, we must infer that the refraction is different 
for the rays which produce the sensation of the different colours ; 
so that the dilatation of the image arises from the different re- 
frangibility of the rays which cause these colours. 

Again, since the light of the pin which produces all these 
colours, appears white when the eye receives it directly, before 
it is separated by the prism, it is manifest that what we call 
whiteness, is merely the union of a certain number of rays, 
which, considered separately, produce the sensation of the dif- 
ferent colours, but which, united, produce the sensation of white. 
This may be easily verified. We have only to turn the pin, or 
strip of paper, in such a manner that its direction shall be per- 
pendicular to the edges of the refracting prism, instead of being 
parallel to them. Then the upper extremity of the image is 
violet and the other extremity red. But if the objett be of the 
same size throughout its length, these are the only portions of 
the image which appear coloured, and all the intermediate part 
is white, as if seen directly. Now it is manifest, that in turning 
the pin or strip of paper on itself, we do not change the manner 
in which light emanates from it. The rays, therefore, which 
{>roceed from each point, still und^go, in the priam,. the «ame 

Opt. 1^ 
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267. We are thus enabled, by means of tins figure, lo explain 
in all its details, the phenomenon of coloured rings formed by 
naluval light, when it is reflected by a thin lamina of air or any 
other substance; for ail the simple rays which compose this 
light, entering the thin lamina (ogcihcr with an equal incidence, 
it follows that each must form rings there according lo its own 
proper laws; and the s'econd surface of the lamina must reflect 
or transmit them at the same thicknesses at which it would have 
reflected or transmitted them, if the simple rays had traversed it 
separately or successively. Since then, the same thickness may 
reflect separately ihc rays of diflerent species, as we have seen, 
it may also reflect them simultaneously, while it allows all the 
others to pass. Hence it follows that if the lamina is through- 
out of the same thickness, it will reflect in all its points the same 
ffiixiure of rays, under each given obliquity; and consequently, 
if we are at a sulficient distance to cause the rays whir.h it sends 
to the eye from its different points to be sensibly parallel, it will ap- 
pear of a uniform colour. But if the thickness varies, the colours 
will also vary in the difl'erent points of the lamina, according 
to the thickness. Thus, when the lamina is comprehended be- 
tween two sphGricul object-glasses, between which the space 
constantly increases in thickness in every direction as we depart 
from the point of contact, there must be formed about this point 
an infinite number of circular rings of different shades, as we in 
fact observe in the coloured rings formed by daylight. 

268, We can even determine the order in which the colours 
of these rings must succeed each other as we depart from their 
common centre. For this purpose, it is sufficient to conceive a 
straight line, which, being at first coincident with CZ/f, gradually 
removes from it, remaining always parallel lo it, and passing in 
this manner through all the alternate spaces where reflection and 
transmission take place. When this line first leaves CZR, it tra- 
verses a space in which little or no reflection is produced, on 
account of the extreme thinness of the lamina; after which it 
arrives at 1, that is, at the feeblest beginnings of extreme violet. 
But as soon as it has traversed, ever so little, the space which 
belongs to this colour, it meets also those belonging to the blue 
and green, which, with the violet will compose a blue; then it 
will enter the yellow and red, which, with this blue, will com- 
pose a white. From the slight inclioatioa of the line 11' to tl 
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axis CZR, it is evident that this passage from violet to white 
must be very rapid* In a lamina of air, for example, the be- 
ginning of the violet in the first ring answers to the thickness 
1,99849, as shown by the table, article 264 ; and the commence- 
ment of the red in this same ring, or the limit of the red and the 
orange, answers to the thickness 2,93207 ; whence it follows that 
the separation of colours does not take place except at an inter- 
val of thickness equal to 2,93207 — 1,99849 or 0,99358 ; and 
consequently, it must be very difficult to distinguish it unless the 
thicknesses vary with extreme slowness. The white being once 
formed in the first ring, it will continue to be reflected more or less 
perfectly, while the moving line passes from 1 to 3 ; after which^ 
the colours which compose it successively disappearing, it will 
change first into a compound yellow, then into a r^d, and this red 
will finally disappear at 3^ Here the colours of the second ring 
begin ; and between these and those of the first ring there is a small 
dark interval, at least if we adopt as rigorously exact the limits of 
reflection fixed by Newton. For the extreme thickness where 
the red of the fir^t ring ends, is 9,516618, according to our table ; 
and the thickness where the violet of the second ring begins i^ 
9,99245 ; whence it follows that between these two limits, there 
is an interval equal to 9,99246 — 9,616618, or 0,475832, in 
which no colour i$ reflected ; consequently there n)ust be formed 
by transmission in this place, a very narrow white ring. But 
the existence of these two rings may be modified by the more or 
less considerable extension of the sensible limits of reflection ; 
for if the thin plate of air, upon which the preceding limits were 
taken, could suddenly exert a greater reflecting power, without its 
other properties being changed, we might observe sensible quan- 
tities ef light, at the places where before we did not perceive any ; 
and the intervals of thickness occupied by the bright reflected 
rings becoming more enlarged, the two first rings might extend 
so far, as to cause the narrow dark ring which separated them, in 
the determinations of Newton, to disappear. Indeed, we shall 
find substances hereafter, which present this superposition in a 
manner sufficiently distinct to be observed, not in this self-same 
phenomenon of the rings, but in a series of facts which are gov- 
erned by precisely the same periodical laws, on a scale of thick- 
nesses Auch more extensive. Returning, however, to the experi- 
ments Df NewtoD) we see that beyond the dark narrow ring in 
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question, the colours of the second ring commence and succeed 
each other in order, while the moving line passes from 5 to 7 ; 
these are more vivid than those in the first ring, because thej 
are more dilated and separated from each. other, as the figure 
itself indicates, by the greater inclination of the line Tl' to the 
axis CZR. In consequence of this separation, there no longer 
intervenes a white between the blue and yellow of this ring, as 
in the first, but a mixture of orange, yellow, green, blue, and 
indigo, all which colours, joined together, must compose a bint 
imperfect green. In like manner, the colours of the third ring 
succeed each other in order ; first comes the violet, which mixes 
a little with the red of the second ring ; for it b^ins at the thick- 
ness 17,98641, and ends at 21,98339, whereas the red of the 
second ring ends only at the thickness 23,205442 ; whence it 
follows that these two colours are reflected together through the 
whole of the violet of the precedmgring. We hence see why this 
violet is not separately perceived, but instead of it a reddish pur- 
ple. Next come the blue and green, which are less mixed with 
other colours, and for this reason are more lively than in the for- 
mer case, especially the green. Then follows the yellow, of which 
the part next the green is distbct and good ; but the other part, 
next the red, which comes immediately after, consists of a yellow 
which, as well as the red, is mixed with the violet and blue of the 
fourth ring ; whence result different degrees of red inclining strong- 
ly to purple. This violet and blue, which should succeed this red, 
are mixed and confounded with it, so that in place of them there 
succeeds a green. This green at first inclines to blue, but it 
very soon becomes a fine green ; and it is the only unmixed and 
lively colour which appears in this fourth ring ; for in proportion 
as it inclines to yellow, it begins to mix with the colours of 
the fifth ring, by which mixture the yellow and red immediately 
succeeding, become very faint and dirty, especially the yellow, 
which, being the faintest of the colours, can hardly be perceived. 
After this, the different rings and colours are intermixed and 
confounded more and more, until after three or four successions 
in which the red and blue especially predominate, all the specijc^ 
of colours become mixed together in nearly equal degrees, and 
constitute an uniform white. 

269. As we have observed that the rays of one colour arc 
transmitted at the same place at which the rays of another colour 
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lines, will be also equal to that of the first.* Consequently, the 
inferior extremity R'^ of the second image will be removed as 
far from the inferior extremity R of the first, as this last is 
from the direct image 5, by the first refraction. And, as the 
same may be said of all the other points of the first image VR, 
it follows that if we prolong the horizontal lines //, BB^ GO, 
we shall, after the second refraction, find RR' equal to S/2, FP 
equal to 5F, BB' equal to SB, and so on ; whence we conclude 
that the second image must be contained between the same bori- 
zontal lines with the first, without being at all dilated in length. 
The lower part of the first image, which suffers the least refrac- 
tion, and is of a red colour, must also form the red part of the 
second image, and suffer also the least refraction. The same 
ratio must hold true for the opposite extremity, which is violet 
Moreover, on account of the equality of SR and RRf, the new 
image must be terminated laterally by two straight lines, inclined 
to the vertical FS, at an angle of 45^ ; and finally its axis V'R', 
being prolonged, must pass through the centre 5 of the direct 
image. Now, by performing this experiment, we find that all 
these consequences are exactly realized, as Newton had assured 
himself. This agreement, therefore, confirms in the fullest man- 
ner, the unequal refrangibility of light, and it shows that this 
property of the rays is not accidental, but that it is inherent in 
their nature ; since each of these preserves it invariably, after the 
first refraction, and even after the second and third, as Newton 
in like manner ascertained. 

151. We have already remarked, that the size of the aper- 
ture through which the rays are admitted, must produce, even 
in the direct image of the sun, a penumbra or gradation of 
brightness, by which the borders of this image pass insensibly 
from the most vivid light to the most perfect obscurity. Now 
the feeble light which forms this penumbra, being absolutely of 
the same nature as the rest of the image, must be modified in 
the same manner by refraction, and consequently will be found 
on the rectilinear sides of the oblong image, whose distinctness 

* We suppose the second prism, as well as the first, so placed as 
to make the angle of incidence equal to the angle of emergence. 
For it is only in this position, that an image formed of rays equally 
refrangible^ is neither dilated nor contracted by refraction. 
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it thus affects. This is confirmed by experiment. In order to 
avoid this defect, Newton placed before the aperture in the win- 
dow, a glass lens, which, by its refraction, concentrated nearly 
in ocie focus, all the rays sent from the several points of the sun's 
disc ; and hence resulted an image of this luminary, white, cir- 
cular, and perfectly free from penumbra. This being done, he 
received this collection of rays upon a prism placed behind the 
lens, and the oblong image formed by refraction, was found, in 
like manner free from every thing like penumbra on its rectili- 
near sides ; so that these sides appeared as distinctly terminated 
as the direct image given by the lens. 

152. In the experiment relative to lateral refraction above 
described, Newton found the means of operating separately upon 
each of the several rays of equal refrangibilily. The following 
is another method employed by him of effecting the same purpose. 

Let SF represent a beam of solar light introduced into the ^^' l^- 
dark room by the aperture F» Near this aperture we place a 
prism ABC^ which, refracting unequally the differently refrangi- 
ble ravs contained in this beam, will form on the screen TT 2li\ 
oblong, coloured image, as we have seen in the preceeding ex- 
periments. In order to examine separately the differently re- 
frangible rays, of which this image is composed, we make in the 
screen TT*, a very small circular aperture O, which answers to 
one of the points of its length. Then there will pass through this 
aperture a small cone of rays sensibly homogeneous, which, 
falling upon another screen TT', parallel to the first, will form 
there a small circular image of the aperture O. This image will 
be of one single colour, as red, for instance, if the aperture O 
answers to the rays of the first image, which produce the scnsa- 
tion of red ; and green, if it answers to the green rays, and so 
on* Now, when this homogeneous light is separated from the 
rest of the spectrum, we can examine it at pleasure. For this 
purpose we make at C in the second screen, a small aperture, 
in such a manner as to admit only a small portion of the homo- 
geneous light, and cause this portion after passing the aperture 
to pass through a second prism a be. Then if the unequal 
refrangibility of the rays, contained in a natural beam, be the 
only cause of the elongation and colour of the image, nothing of 
this kind will here take place. The homogeneous portion, re- 
fracted by the second prism, will not have its colour changed ; 
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and if the inclination of this prLsm be such as to make the inci- 
dences and emergences equal, the image formed by this portion 
on the wall, will be round like the aperture itself. This is com- 
pletely verified by the experiments of Newton and aU succeed- 
ing philosophers. 

153. If now we turn the first prism slowly about. its axis, the 
rays which produce the sensation of tjbe different colours, will 
pass successively through the aperture O, and will also arrive 
successively at the second prism ahc^ exactly in the same direc- 
tion 0(y^ and consequently with the same incidence. We shall 
thus see formed successively on the wall, the image of red^ yel- 
low, green, &c., according as the rays which then pass through 
the aperture O, are found to be those which produce the sensa- 
tion of red, yellow, green, &c. If then it is true that these rays 
are unequally refrangible, and that this property is inherent in 
them, they will experience in the second prism, unequal refrac- 
tions, that is greatest for the violet, least for the red, and inter- 
mediate degrees for the rays which produce the intermediate 
colours ; which may be easily perceived by the unequal height 
of the images, and by their rising or descending as we turn the 
first prism. All these consequences are perfectly confirmed by 
facts. 

154. This unequal refrangibility of the luminous rays must 
necessarily produce its efiect, when light is refracted by spheri- 
cal lenses. For a lens is nothing but a circular assemblage of 
an infinite number of prisms of unequal refracting angles. Hence 
there must result for different rays, different focal distances, the 
rays most refrangible forming their focus nearest the lens, and 
those least refrangible, having their focus most distant. This is 
but too well confirmed by experiment ; for the dispersion of the 
foci, thus occasioned, has been for a long time, a great obstacle 
to the perfection of telescopes. 

155. Hitherto we have examined only those properties of rays 
which depend upon their unequal refrangibility. We come now 
to consider another property, discovered gilso by Newton ; name- 
ly, the facility of the rays for interior reflection by refraction, is 
also unequal, and the more so, according as they are more re- 
frangible. He conducted the experiment in the following manner. 

Fig. 107. Having introduced through the aperture F, into a dark room, 
a beam of light FM^ he caused it to fall upon the side AC, of a 
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prism J^^C, whose two angles jB, C, measured each 45^, A being 
a right angle. The refracted ray emerging at JIf, proceeded to 
form below the prism, a coloured image VR^ as in the preceding 
experiments. By turning this prism slowly about its axis, in the 
direction ABC^ the refracted rays are made to fall more and 
more obliquely upon the base BC, and the emergent rays also 
take a direction more and more oblique to this base. Hence, if 
we continue to increase the obliquity, the refracted rays will at 
length be no longer capable of emerging, but will be wholly car- 
ried back into the prism by refraction, as we have already ex- 
plained. In common glass, this phenomenon takes place when 
the rays, in their interior incidence make with the base £C, an 
angle of about 48^. Then if the refracting angle C is 45^, as 
l^ewton made it, the incident rays will be nearly perpendicular 
to the first surface AC of the prism, and consequently the dis^ 
persion, caused by their first refraction, is nearly nothing ; so^ 
that their interior incidences upon BC are sensibly equal. But 
notwithstanding this equality, their interior reflection is progres* 
sive ; for if, during the motion of the prism, we observe atten- 
tively the coloured image FK, we shall see that the violet first dis- 
appears from this image, while the other colours remain. After 
the violet, the blue disappears, then the green, then the yellow, 
and finally the red, which disappears last. It is then only, that 
the intmor reflection is total. These rays, successively reflected, 
emerge through the side BA of the prism, to which they are also 
nearly perpendicular. If they were the only ones which follow- 
ed this direction, we should thus have a very simple means of 
separating them wholly from the rest. But this is not the case; 
for the refracted beam experiences always at JIT a partial reflec- 
tion, which, acting without distinction upon all the incident light, 
sends a certain proportion of it directly towards the face AB of 
the prism ; so that the coloured parts of the portion F!R, which 
come next to be reflected, only add to those already reflected. 
Still we can here recognise their influence. For this purpose 
•we first place the prism ABC, in such a position, that the re- 
fracted beam VR shall emerge entirely ; then in the direction 
Jlf.Af of the returning beam, produced by partial reflection, we 
place a second prism A'B^O, which, refracting it, forms upon 
the screen TT, another oblong and coloured image R'V\ We 
then observe attentively the intensity of tKia innneej and if 
OpU 20 
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we turn the first prism ABC^ slowly about its axis, in such 
a manner as to increase gradually the obliquity of the rays 
refracted at its base, we shall see that at the instant when the 
violet rays can no longer emerge through JBC, the violet part ot 
the image fi'P, will receive a very sensible increase of intensity, 
compared with the other tints which compose it. Next the blue 
will increase, then the green, the yellow, and finally the red, 
when, by the continuing the motion of the prism, the reflection 
becomes total at M. Newton varied the experiment in several 
ways, and the result of the whole was what I have above 
stated. 

156. In all this variety of experiments upon light transmitted 
through natural bodies, upon light reflected from specular sur- 
faces, and lastly, upon refracted light, we always find rays which, 
at equal incidences, (the medium being the same) sufier unequal 
refractions, although no dispersion takes place in each simple 
ray. Wc find, moreover, that this efiect is not produced acci- 
dentally by imperfections in the refracting substance ; but that 
it is governed by regular laws, depending upon the position of the 
refracting prism, the refracting angle, and the nature of the 
substance. From all this, it follows incontestibly, that the light 
of the 5un, like other kinds of Hght^ which can be subjected to ike 
same experiments^ is a mixture of heterogeneous rays^ of which same 
are constantly more refrangible than others^ and which, considered 
separately^ are capable of producing upon our organs the sefisation 
of different colours. Moreover, since the violet rays return 
into the prism, under interior incidences at which the others 
emerge, we may add, that these rays differ also in reflectibilitjfj 
and that those which are most refrangible are also most susceptible 
of being refected inward by refraction. According to the theory of 
attractive forces, this is a consequence of unequal refrangibility. 

Another consequence of this inequality is, that the solar spec- 
trum, as given by a prism, is really nothing but the succession 
of an infinite number of small circles, partly superposed upon 
each other, and having each a simple colour, from the violet end 
to the extreme red. This is represented in figure 108, in which 
it is only necessary to suppose an infinite number of successive, 
circles, from the violet to the extreme red, instead of the small 
number here represented. 



Disptrsiim of Light by Refraction. 155 

If the image thus dispersed be that of the sun, whose apparent 
diameter is about half a degree, each of these several circles, 
seen from the centre of the circular aperture, supposed to be 
infinitely small, subtends also an angle of about half a degree. 
For each kind of simple rays, coming from the opposite limbs of 
the sun, forms, in passing through the aperture, a cone whose 
angle at the centre is equal to the apparent diameter of the sun's 
disc ; and when refracted in the prism, with the angles of inci- 
dence equal to the angles of emergence, the refracted cone has 
sensibly the same angular opening as the direct cone. The size 
of these consecutive images, causing them necessarily to lap upon 
each other, it follows that, strictly speaking, light is nowhere 
absolutely homogeneous, except on the rectilinear sides of the 
image where the circles are detached from each other. 

I'he means bf simplifying the effect, is then to diminish the 
diameters of these circles, in order to separate them more from 
each other, the distance between their centres still remaining the 
same. This we do by greatly contracting the aperture by which 
the rays enter the dark room, or by giving it the form of very 
narrow slit, having its small diameter in the direction of the 
refraction. Among the many precautions employed by Newton 
to obtain this separation, one of the most important, is to concen- 
trate the beam by a lens, before it falls upon the prism. We 
should take care also to place without the aperture, in the direc- 
tion of the solar beam, a narrow and black tube, in order to 
exclude the foreign light, which, coming from the lateral parts of 
the heavens at a great distance, would form in the dark room 
large cones, and consequently, present after refraction, large 
circles, which mixing with each other and with the principal 
image VR, would affect the distinctness of its colours. 

157. It is upon light thus rendered pure, that the decisive ex- 
periment on the immutability of colour, illustrated by figure IOC, 
should be made. This remarkable property is then pre«erved, 
not only after one refraction, but after all the succeMive refrnc* 
tiens which the homogeneous beam is made to undergo. It in luH 
destroyed even by reflection ; (or if insects or other Mmull ob- 
jects, be placed in this light, and examined through a prUrn, t^yt^i 
of a great angle, we see them just as distinctly ttn if Wf) vi«*wiwl 
them directly, and with the single colour that illuiriin:i(t«t» f Iimm i 
whereas we could not distiogaith them «t all, if w^ InnUttl k^ 
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ihcm in this manner, when tlicj were illuminated by the compound 
light of the sun, because the image of their different parts would 
l>e elongated and deranged in consequence of the unequal re- 
frangibilitj of the different rays. We might make the same 
experiment with a printed book. If it is illuminated by homoge- 
neous light, the characters can be read with perfect distinctness, 
however fine the impression is; while they cannot be distin- 
guished at all after reflection, if they are illuminated with com- 
pound light. 

If we consider the course of luminous rays, thus purified, 
through the same refracting medium under different incidences, 
*we find, as before remarked, that the sine of refraction is always 
in a constant ratio to the sine of incidence. We shall hereafter 
liave occasion to note the most delicate proofs of this fact. For 
the present, we only observe that, according to the theory of the 
emission of light, it becomes a necessary consequence of theaffin* 
ity existing between luminous particles and refracting bodies. 

158. The reason why refraction causes certain luminous par- 
ticles to deviate more than others, cannot be assigned with any 
degree of certainty. We might be induced to believe that this 
inequality is owing to a difference as to their mass or velocity ; 
"but in this case bodies which refract the one class of rays equally, 
ought also to refract all the other classes equally, which is not the 
case, as will soon be shown by direct experiment. For instance, 
there are some bodies, which refract the green rays as little uid 
even less than other bodies, while they refract the violet rays 
more. We are obliged, therefore, to believe that the chemical 
nature of the particles of light, and perhaps their form, contri- 
butes to this phenomenon, and causes the aflSnities of these par- 
ticles, while traversing different bodies, not to preserve among 
themselves the same constant relations. 

159. We have seen that certain crystallized bodies have the 
singular property of dividing into two portions the luminous rays 
which traverse them, and have called this phenomenon double 
refraction. In this case, each of the two refracted portions be- 
comes also dispersed. In crystals of one axis, where the relo^ 
city of the ordinary ray is constant, the general law of its dis- 
persion is the same as in bodies which produce only simple 
refraction. The law of dispersion of the extraordinary ray is 
more complicated, because it is affected at the same time by the 
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ordinary refracting forces, and the repulsive or attractive forces 
Tvhich emanate from the axis of the crystal. In crystals of two 
axes, this complexity extends to the two velocities. We shall 
examine the combined effects thence resulting, when we have 
completely established by experiment, the phenomena exhibited 
in ordinary dispersion. For the present, it is sufficient to remark^ 
that the refrangibility and colour, peculiar to each ray, are not 
altered or changed by double refraction. 

160. Since each species of rays of a particular refrangibility, 
retains tlius invariably its own peculiar colour, we may, for the 
sake of brevity, designate each ray by the species of colour of 
which it produces the sensation. Thus we denominate red rays^ 
those which are least refrangible and which produce the sensa- 
tion of red ; yellow rays, those which produce the sensation of 
yellow ; and violet rays, those which produce the sensation of 
violet ; not because we suppose that these rays are really red, 
yellow, and violet, or that they have colour in themselves, 
any more than sonorous bodies contain sound ; but only to ex« 
press the sensation which they are capable of producing, and 
which they do constantly produce in eyes properly organized. 

Nevertheless it is impossible to assign, in this manner, particu- 
lar denominations to all the rays ; for since each ray endued 
with a different refrangibility, produces on our organs the sen- 
sation of a peculiar colour, the number of shades following each 
other in the spectrum, must be inGnitc like tliatof the rays which 
produce them. But since the most accurate eye cannot have a 
distinct sensation of so many shades, differing so little from each 
other, it is sufficient to establish among them, a certain number 
of divisions, which, comprehending all the shades in their sev- 
eral intervals, will enable us to fix their place and character 
ivith a precision corresponding to that of our senses. This was 
done by Newton ; he drew seven principal lines of separation 
in the spectrum between the extremes of the greatest and least 
refrangible rays. The divisions thus formed, being designated by 
the colours belonging to them respectively, are the following ; 
mole^ indigo^ hluej green, yellow, orange^ red. 

The rays comprehended in each of these divisions, may be 
regarded as homogeneous, as to refrangibility and colour ; and 
ekdx portion retains its peculiar refrangibili^ and colour, what- 
ever refraction it is made to undeigo; and, what is no less 
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tre expressed in deg^ees,* we shall have ; 

RO = 60C> 45' 34'' 

07= 34 10 38 

YG = 54 41 I 

GB = 60 45 34 

BI = 54 41 1 

JTF = 34 10 38 

VR = 60 45 34. 

Let us now consider these different arcs in the order in which 
they follow each other, as representing the seven principal col- 
ours of simple light, which compose the spectrum ; so that the 
entire circumference will represent the whole series of shades 
through which this light passes, from the first rays of red to the 
last of violet. Then, having determined the centres of gravity 
r, 0, y, g, 6, t, t7, of all these successive arcs, suppose in each of 
them a weight proportional to the corresponding arc ; and con* 
ceive these weights to be so many forces tending to draw to 
themselves the centre C, and the eye supposed to be placed 
there. According to this supposition, it is evident that the eye 
will remain at rest, being placed at the centre of gravity of all 
the weights ; and this rest will correspond to the perfect white 
produced by the simultaneous sensation of all the shades of sim* 
pic light, when they are mixed together according to the pro- 
portions in which they exist naturally in the spectrum. But 
suppose these proportions changed, as they always are in a col* 
oured mixture which differs from white ; then it will be neces- 
sary to place in each partial centre of gravity, not the total 
weight of the corresponding arc, but the half or third, or gener- 
ally the n part of this weight, according as the given mixture 
contains the half, the third, or generally the nth part of all the 
light which composes this colour in the spectrum. This being 
done, if we find the common centre of gravity of all the partial 

* This division requires only the simple rule of fellowship. As 
the sum of all the fractions is to S60^, so is one of the fractions to 
the arc which corresponds to it. The sum of the fractions is 
J 4" /jr + A or T^V* ^U fo^ example, we would find the arc cor- 

responding to yV? >*« value will be ^\^ — , or 54* 41' 1". 

TTS 
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ifeightg) it will, in general, no longer coincide with the centre of 
the circle. While it does coincide, the colour ol the mixture 
will still be while ; but when, on the contrary, it approaches 
considerably one of the partial centres, the mixture will present, 
as the predominant colour, that which belongs to this centre. 
Finally, wherever it falls, as in G', for example, we have only 
to draw from the centre to this point the line C& ; then the 
direction of this line will indicate the predominant colour of the 
mixture, and its. length, or the distance from the point G' to the 
centre C, will indicate its vividness. If, for example, CG^ is 
situated exactly midway between CY and CG, the compound 
colour will be the most perfect yellow ; but if C& approaches 
more to CG or CY^ this yellow will incline more to the orange 
or the green. On the first supposition, if the point & falls very 
near the circumference, the colour will be strong and vivid in 
the highest degree ; if it falls half way between the circumfer- 
ence and the centre, the intensity of the colour will be diminish- 
ed One half, and it will be that of a mixture of the liveliest yel- 
low with an equal quantity of white. In general, if we represent 
the distance CCf^ by A, the radius of the circle being 1, 1 — A 
will express very nearly the proportion of white which it will be 
necessary to employ, in order to imitate to the eye the colour 
in question ; this white being mixed with the proportion A, of the 
single colour towards which C& is directed. In this manner^ 
then, the nature and intensity of the colour are ascertained. It is 
proper, however, to remark, that if the point G^ falls upon the 
line Cfi, or very near this line, the red and violet being then the 
principal elements of the compound colour, it will no longer cor- 
respond to any of the prismatic colours, but will be a purple, 
inclining to the red or violet, according as the pomt G' varies 
from the line C/i, towards the one or the other of these colours ; 
and in these two cases, the purple or mixed violet, will be more 
dazzling and brilliant than the simple violet. In general, we ob- 
serve the greatest analogy between the effects of the violet and 
the red ; so much so that we can form with blue and red, mixtures 
which produce on the eye the sensation of a fine violet ; and it 
is probably this kind of return of tints upon themselves, perfectly 
analogous to the consonance of octaves, which led Newton to 
compare, as he has frequently done, the impressions produced by 
the different colours to those produced by the musical intervals. 
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170. According to the extent assigned by this rule to the arcs 
which represent the seven principal shades of the spectrum, 
there are no two whose centres of gravity are diametrically op- 
posite to each other. Accordingly, in whatever proportion two 
colours are mixed, their common centre of gravity can never fall 
upon the centre of the circle ; and, therefore, we infer that they 
can never form a perfect white, but only a pale tint, nearly ap- 
proaching to white. This inference is confirmed by experiment. 
" For," says Newton, " I have never yet been able to obtain a 
pure white, from mixing only two primitive colours. I do not 
know that it can be done even with three colours. But these 
are points of curiosity, which have little or nothing to do with 
the understanding of natural phenomena; for, in all natural 
whites, there is ordinarily a mixture of all the primitive colours, 
and consequently these whites are compositions of all these col- 
ours, which circumstance confirms the propriety of the mode of 
Composition just described." 

171. We may make use of this rule of Newton, to produce 
the sensation of white by a rapid succession of the different col- 
ours. We have only to divide a pasteboard circle according to 
the proportions above indicated, paint the several divisions with 
the purest colours that can be obtained, and then turn it rapidly 
about its centre. But as the colours thus employed are never sim- 
ple, we must not expect to obtain by this process a perfect white. 



Influence of the Unequal Refrangibility of Rays of Light upon Vision 

through Refracting Surfaces. 

172, From the time that the phenomenon of dispersion pre- 
sented itself in our experiments on refraction, we have foreseen 
the general effects which it must have upon vision through tri- 
angular prisms. The knowledge we have now acquired of the 
individual properties of simple rays, and the constancy of their 
colorific powers, affords a full confirmation of what was thus in- 
dicated, and enables us to state it with more precision. 

When an infinitely small luminous point is seen by refraction 
through a triangular prism, each kind of simple rays which pro- 
ceeds from this point gives an image tinged with its peculiar 
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colour. The unequal refrangibility of the rays of different kinds 
causes the images to appear separate and placed by the side of 
each other in the order which their colours take in the spec- 
trum, those formed of the most refrangible rays being most de- 
flected. But, if instead of a single radiating point, infinitely small> 
we look at several points placed by the side of each other, each 
of them will be found to produce a similar spectrum ; but these 
spectrums admit, to a certain extent, of being placed one upon 
the other, in such a manner as to produce white in the place 
where they unite. This usually happens when wc thus look at 
objects of a sensible magnitude. If the surface of the objects 
is white and equally luminous, the interior portions of the re- 
fracted image appear white, and the colouring of the image is 
perceptible only at the extremities, in the general direction of 
the refraction. 

Newton states a fact, that is easily observed, which, at first 
sight, seems to be inconsistent with this theory, but is in reality a 
consequence of it. Having placed horizontally, before an open Fif.113. 
window, the base of a prism ABC^ bring the eye to so as to 
receive the light of the sky reflected inward from its base. 
Then, when the reflected rays form with this base an angle of 
about 50^, there will be seen an arc of a blue colour of a certain 
width iSS', which will extend the whole length of the prism, 
upon turning its concavity towards the eye ; and the portion of 
the base SJB, situated beyond this arc, will appear much more 
brilliant than the portion S^A^ which is on this side of it. 

In order to explain this singular phenomenon, let us conceive 
that the angle of reflection JVS/, which corresponds to the con- 
vex part of the arc, is the smallest angle at which total reflection 
commences for the red rays, which are the least refrangible ; they 
cannot then be wholly reflected under an incidence approaching 
nearer to the normal SX, Let us suppose also that JSTI^F is 
the smallest angle of total reflection for the last violet rays^ 
then from B to S there may be rays of all kinds which will un- 
dergo a total reflection and arrive afterward at the eye ; but on 
this side S, the interior incidence becoming too near to the per- 
pendicular, none of the extreme red rays can be perceived; 
thus, as the point of interior incidence approaches .4, the possi- 
bility of total reflection towards the eye will cease successively 
for the diflferent rays, one after another, to S'^ when this possi- 
Opi. 22 
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bility will cease, even for the last rays of the violet colour ; so 
that from S' to A total reflection will not take place for any of 
the rays. If wc now examine these results, we shall see that 
from JB to S the reflection will be vivid and brilliant, because it 
will be total, and will comprehend the rays of all the colours. 
From S to S* the total reflection will go on diminishing, and 
will be limited to the more refrangible rays, which must 
produce a zone where the colours of these rays are predomi- 
nant; finally, from S' through every other point nearer to the 
eye, the reflection will not be total for any of the rays. The 
eye will then receive from this space only the feeble portion of 
light which arises from radiant reflection ; it will of course ap- 
pear obscure in comparison with the intense brightness of BS» 
The limits of all these phenomena may be fixed by the aid of 
the Calculus."^ 

We see, also, that the remainder of the rays which fall on 

the space SS\ passing out below the prism, must produce, after 

emergence, an arc in which the red rays are predommant, 

155. ygj.y nearly, as in the experiment of Newton, already mentioned. 

173. This theory furnishes also an explanation of the phenom- 
ena of the rainbow, and enables us to calculate these phenomena. 
It is well known, that this meteor presents one, and sometimes two 
arcs, tinged with all the colours of the spectrum. It is never 
produced, except when there is a fall of rain accompanied with 
sunshine ; but the union of these two circumstances is not suffi- 
cient of themselves to cause this appearance ; we require also 
a particular position of the cloud, of the observer, and of the sun, 
which must always be directly opposite to the centre of the bow. 
These circumstances long since led to the belief that the rainbow 
was produced by the refraction of light in the drops of rain ; 
indeed a similar appearance is exhibited in that kind of artificial 
rain which is caused by jets and cacades, especially when agi- 
tated by the wind. In order to conceive in what manner the 
light is capable of being thus dispersed by refraction, let us sup- 
Fig. 114. pose a single ray of light S/, infinitely small, coming from the 
sun, to fall upon a single spherical globule of water, and let us 
follow the course of this ray. It will first undergo a refraction 
at /, which will direct it to I\ where part of the ray will be a 



* See Biot's Tralte de FJiifsiquc. 
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second time refracted, and will emerf);e into the air in the direc- 
tion PJR', but the rest of the ray will be reflected into the interior 
of the globule toward P', where a similar effect will be produced, 
that is, a part of the ray will emerge into the air, while the other 
portion will be again reflected inward to I"^^ at which point the 
same division will take place, and so on indefinitely. This expla- 
nation may be verified by introducing a small solar ray into a dark 
room by means of a heliostat, and directing it through a glass 
cylinder filled with water* The course of the ray in the interior 
of the water will become visible by the partial reflection of light, 
occasioned by the particles of the water, and the successive ^ 
emergences will also become sensible by placing the eye, or 
unpolished glass in the direction of the emergent rays. In this 
manner it will be seen that the rays are dispersed, present- 
ing the series of prismatic colours ; their intensity is diminished 
according as they have undergone a greater number of divisions, 
and at last the ray will become so feeble as to be insensible* 

174. The phenomenon of the rainbow is caused by coloured 
spectrums, which emerge from the different drops of water after 
two refractions, separated by one or two intermediate reflections. 
Let us now inquire how the superposition of these partial spec- 
trums produces the colours of the rainbow and determines its mag- 
nitude. In order to do this in a simple manner, let us take one 
simple incident ray, as red, for example. If this ray, after being 
refracted in the globule, is reflected once or several times at the 
second surface, and then emerges into the air, it will make, after 
emerging, a certain angle, with its primitive direction- This angle 
will be constant for all the rays of the same nature, which enter 
the globule under the same incidence ; but it will vary with the 
incidence. In order to comprehend these variations, let us first 
consider the case in which the ray suffers only one interior 
reflection before emerging. Then, if we calculate numerically Fig, 115. 
the quantity of deviation for several incident parallel rays on 
the surface of the globule, the deviation at first is nothing, when 
the incidence, being perpendicular, the ray passes through the 
centre of the globule ; then, the deviation gradually increases 
until the angle of incidence has reached a certain limit, which is 
about 54^1 for the red rays. Accordingly, a small parallel beam 
of these rays entering the globule at /, under this incidence, 
and being reflected once at the bottom, emerges also a par- 



1'72 .Analysis of Light. 

allel beam at /", although the general direction of the ray will 
have deviated 42^. But for greater incidences the deviation 
diminishes as it before increased, and this diminution continues 
to the last rays, which are tangents to the globule. Now, if we 
intercept the rays at so great a distance from the globule that it 
may be considered as a point, it is evident, that all those 
which correspond to the unequal deviations, will depart more and 
more from each other, according as their distance from the glo- 
bule is increased, so that they will at last be too feeble to pro- 
duce the sensation of the globule in an eye placed in their direo 
tion ; while the eye may be affected, and indeed is affected at 
any distance whatever, by the emerging rays which answer to 
the maximum of deviation, because, being parallel to each oth,cr 
they may pass to any distance without being separated. The 
effect will even be so much the more vivid according as, the 
density being uniform at their incidence, they are compressed 
and condensed, as the calculus shows that they are when they 
emerge in the manner above stated. Let us then suppose that a 
number of such globules are arranged circularly in such a man- 
ner that the refracted rays which come from them, and which are 
supposed to be of a uniform colour, shall arrive at the eye of the 
spectator. They will give the sensation of a luminous line ; and 
several such rows, placed side by side, will produce, on account 
©f the sensible opening of the pupil, a coloured space which 
will be equal to it in width. 

The same remarks apply equally well where the reflections 
and refractions are more numerous. There is, in every case, 
a certain limit of incidence, at which the rays coming from the 
same beam and emerging near to each other, will leave the glo- 
bule sensibly parallel, so that they may be transmitted to a great 
distance without becoming less vivid. 

175. In order then to develope the consequences of what we 
have now established, we will suppose a person, placed at O, to 
Kg. IW. look at a vast cloud, consisting of a multitude of spherical glo- 
bules of water. Through the eye of this observer we draw the 
line SOC to the centre of the «un, to designate the direction of 
the incident rays, which we will first suppose to be parallel, or, 
which amounts to the same thing, to proceed from a point at an 
infinite distance. This being done, there will take place at the 
fipst surface of the globules, a partial reflection of all the colours 
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composing the radiant light, which will impart a whitish tinge 
more or less deep, to the whole extent of the cloud. Besides 
this, if the cloud is sufficiently extended, two concentric arcs will 
be seen, tinged with all the colours of the spectrum. For if, 
through the eye at O, we draw the line OF, forming with OC 
an angle of 40^ 17', and cause it to revolve round OCj de- 
scribing a conic surface, all the globules in the prolongation of 
thb surface will be exactly in the situation necessary, in order 
that the most refrangible violet rays, which have undergone two 
refractions and one intermediate reflection, may emerge parallel 
and arrive at the eye in O, and this will not take place in the 
same manner on any other part of the cloud ; so that by means 
of this species of rays, the spectator will see on the cloud a vio- 
let coloured arc, of which OC will be the axis, and C the 
centre. He will, moreover, behold an infinity of other concen- 
tric arcs exterior to the above, each of which will be formed of 
a single species of rays ; and, according as these rays are less 
refrangible, their arcs will have a greater diameter, so that the 
largest, composed of extreme red, will subtend an angle ROC of 
420 2\ Thus the whole width of the coloured bow will be 
42° S' — 40° 17', or P 45'. The red will be on the outside 
and the violet within. 

The contrary order will be observed in the case of two reflec- 
tions. If we draw through the eye, the lines OR'^ 0V\ making 
with OC angles of 50° 59', and 54° 9', and with these respective 
inclinations cause them both to turn round OC, as an axis, the 
first will meet with all the globules, which, after having twice 
refracted and twice reflected the extreme red rays, can transmit 
them to the eye parallel to each other. The second will give 
the corresponding limit for the extreme violet rays. Between 
these two arcs there will be others tinged with all the intermediate 
prismatic colours. The whole taken together will form another 
bow, which will have for its width 54° 9' — 50° 59', or 3° W. 
This bow will have its colours disposed in the inverse order of 
those of the first, that is, the red will be on the inside, and the 
▼iolet without. The distance of the two red arcs will be 
50O 59/ _ 420 2/^ or 8° 57'. 

176. Such, therefore, would be the dimensions and distance of 
the rainbows, if the sun were but a point. But the sun has a 
sensible apparent diameter, which may be supposed, at a mcanr, 
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to be about 30^ Hence, if we consider the arcs we have deteiv 
mined, as produced by rays coining from the centre of his disc, 
the rays which come from the borders and from the interior, 
will form so many similar arcs of the same size, but which will 
have each for its axis the line drawn from the observer's eye to 
the point on the disc of the sun from which they emanate. 

Consequently, if we describe from the point C the circumfer- 
ence of a circle OC"C"\ equal to the apparent diameter of the 
sun, as seen from the point 0, there will not only be formed 
around the centre of this circle an interior violet arc at the dis- 
tance of 40^ 1 T ; but there will also be as many of these arcs 
as there are points in the circle C'C"Cf'\ which are capable of 
becoming centres in their turn ; that is, there will be formed a 
circular violet arc of a width equal to the apparent diameter of 
of the sun, and which will have its interior radius equal to 
40° 17'— 15', or 40° 2', and its exterior 40^ 17' + 15', or 
40^ 32'* In like manner, the red arc which we found to be 
42° 2' from OC^ will become a red bow, whose exterior border 
will have for its radius 41° 47', and its exterior border 42° 17'; 
thus the whole width of the rainbow, comprised between these 
two extremes, will be 42° 17' — 40° 2', or 2° 15', greater by 
SCK than if the sun had been only a point. In like manner, the 
width of the exterior iris, which we have fixed at 3° IC, will 
become 3° 40'; its interior semidiaraeter which was 50° 59', will 
become 50° 44', and the exterior, which was 54° 9', will become 
54° 24'. Finally, the distance between the two bows which was 
found to be 8° 57', will be reduced to 8° 27'. But, owing to the 
width and the superposition of the partial arcs which compose 
them, the colours will be much less distinct than in the former 
case. Still these dimensions, determined by calculation, are 
exactly conformable to those furnished by observation, at least 
when the colours are the most vivid and the most strongly mark- 
ed. For Newton, having on a certain day measured a rainbow, 
by means of instruments which he then possessed, found that the 
exterior semidiameter of the interior iris was about 42°, and 
that the red, the yellow, and the green, of this bow, taken to- 
gether, were about 63' or 64', besides three or four minutes that 
may be added on account of the exterior red rays which were 
enfeebled and obscured by the brightness of the neighbouring 
clouds. The width of the blue was about 40', at the least, with- 
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but reckoning the violet, which was so obscured by the light 
from the clouds, that its width could not be measured. But upon 
the supposition that the width of the blue and violet, taken 
together, was equal to that of the red, yellow, and green, united^ 
the whole width of the interior iris would be about 2° 15', as above 
stated. TKe smallest distance between the two bows was 8^ 3(K. 
The width of the exterior iris was greater than that of the inte- 
rior ; but its hues were so feeble, especially on the blue side, 
that it could not be measured with accuracy. On another occa- 
sion, when the two bows were distinct, Newton found that the 
width of the interior iris was 9P Icy, and that, in the exterior, 
the width of the red, yellow, and green, was to that of the same 
colours in the interior, as 3 to 2. 

177, In that part of Newton's optics where this admirable 
theory is unfolded, the first idea of the explanation of the rain- 
bow is attributed to Antonio de Dominis, archbishop of Spala- 
tro, who, he remarks, confirmed it by observations made upon 
a glass ball, filled with water, and placed in different situations 
with respect to the sun and the eye of the observer. Newton 
adds, that Descartes corrected the observations of the exterior 
rainbow. But he had probably never read the work of De 
Dominis, for if he had, he would have perceived that this pre- 
late had formed a vague notion that the rainbow might be the 
effect of refraction in the drops of water, without attempting to 
confirm this idea by the experiments of which Newton speaks ; 
and his mode of explaining the formation of the meteor is without 
reference to the true theory. The experiments really belong to 
Descartes, and to Descartes alone. This philosopher did every 
thing that could be done, at a time when the unequal refrangi- 
bility of light was unknown. He determined, by numerical cal- 
culation, the course of the rays which enter the drop of water, 
and emerge thence after one or more reflections. By this calcula- 
tion, he discovered that of all the rays that enter the drop, those 
only which fall upon it at a certain inclination can come to the 
spectator without diverging from one another, and being conse^ 
quently enfeebled. He thus ascertained the true circumstanced 
that are necessary to the existence of the rainbow, and he 
proved by experiment, that they were conformable to actual 
observation. It only remained to assign the cause of the col- 
ours. Descartes, unacquainted with this cause, reduced it to 
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another more simple case, that of the decomposition of light by 
the prism ; and he proved that the part of the drop of water in 
which the light is refracted, must disperse this light, in the same 
manner as a prism of water, with plain faces, whose angle of 
refraction is equal to that formed between two planes tangent to 
the points of the drop where the rays enter and emerge. He 
confirmed this theory by a very circumstanstial experiment, 
which is given in the Traiti de Physique. 

178. Besides the rainbow, other meteors are frequently ob- 
served in the atmosphere, as the large whitish circles or haloes, 
that are seen to surround the sun and moon, commonly at the 
distance of 45*^, and parhelia and paraselenes, false suns and 
false moons, attended with other remarkable appearances. A 
particular description of these phenomena, with the hypothetical 
explanation of Huygens, may be found in the Traitt de Physique. 



Achromatic Comhinalions» 

179. When two or more prisms are so constituted and dispos- 
ed as to render colourless the images of objects seen through 
them, the combination is called achromatic. If these prisms 
were all of the same substance, the opposite refractions would 
balance each other, when their angles were equal and their 
directions contrary, so that they would together form a plate with 
parallel faces. Rays traversing such a system of prisms would 
continue on in their primitive direction. But if substances could 
be found capable of producing equal dispersions, with unequal re- 
fractions, a system of prisms might be formed which would give 
images of objects free from colour, the rays being deflected at the 
same time. Accordingly, by transferring this principle of compen- 
sation to the curved prisms which form the borders of spherical 
lenses, we might obtain compound object-glasses, which, with a 
limited focal distance, would produce colourless images of ob- 
jects ; and we might employ them in the construction of tele- 
scopes incomparably superior to those provided with single object- 
glasses. Are there then in nature substances which thus com- 
pensate each other? If not, can their place be supplied by an 
approximate compensation ? And in this event, upon what priti- 
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ciples iflfihis approximation to be established ? How can it be 
produced with given substances ? Is it more easily produced by 
some ^bst^nces than by others ? These are the questions which 
the subject presents for our examination. 

180. Accordingly, let us first consider a perfectly homogene-^ Fig. 117. 
ous ray SI, which, after traversing a certain number of prisms, 
of whatever substance and angles, arrives at last at the eye of 
the observer situated in 0. From this point let us draw a line 
OS to the object from which the ray proceeds, and which, for 
greater simplicity, is supposed to be removed to an infinite dis- 
tance, so that the line OS may be considered parallel to SI. It 
is evident, that if this direction is given, together with the posi- 
tions of the prisms, their substance, their angles, and the place 
of the observer, the angle of deviation ROS^ comprehended at 
the eye between the primitive direction OS and the emergent ray 
OjR, may be determined by calculation. Let us suppose now, 
that the ray, instead of being simple, is compound, like the 
white ray. Then, after traversing the system of prisms, it 
would be dispersed into an infinity of difierent rays, having dif- 
ferent directions r i/, o (/, r /, from the violet to the red ; so that Fjg, n^ 
the observer, placed in the direction of one of these rays, would 
perceive only that single ray. Bui if we conceive an infinite 
number of white pencils of rays, all proceeding from the same 
point, to arrive together at the first surface of the prism, the ob- 
seirver, stationed at O, would receive all these different species of 
simple rays, through different points of emergence ; which will 
be found by drawing from O the lines 0/2', 00^, OP, respective- 
ly parallel to the lines r r', o o', w'^ and terminating in the same 
manner upon the surface of the last prism ; for these rays, being 
turned back through the successive prisms, each with the proper 
degree of refraction, will emerge in a direction parallel to the 
incident rays, and consequently, will make a part of the inci- 
dent light. Then, in order to take from the observer the 
sensation of these separate rays, we have only to dispose the 
system of prisms in such a manner, that the rays shall all emerge 
parallel to each other ; for then the angles 0^0V\ O'OR'^ fee, 
with which they cross each other at the eye, becoming nothing, 
the points of incidence P, 0', JR', will coincide, and the pencil 
will consequently enter the eye free from colour. 

Opt. 2S 
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181. From this analysis it will be perceived, that the rigorous 
determination of the achromatic effect involves for each ray a 
particular condition which must be satisfied by the system of 
prisms. Hence it follows, that as there is an infinite number of 
rays of unequal refrangibility, so there are, strictly speaking, an 
infinite number of conditions which cannot all be fulfilled, be* 
cause the number of prisms must necessarily be limited. The 
problem does not therefore admit of a rigorous solution. But a 
solution will be obtained with sufficient accuracy, if instead of 
attempting to render all the different rays parallel, we only ren- 
der a few of them parallel to each other, which may easily be 
accomplished by a small number of prisms. Indeed, if we bring 
together in this manner the two extreme rays, the violet and the 
red, or two extreme rays and one mean, as the red, the violet, and 
the green, the removal of colour for the intermediate rays will 
manifestly be so far accomplished, that no sensible effect will be 
produced upon the eye. 

This is in fact the course to be pursued ; and it will be easily 
perceived that two rays may be united by two prisms, and in 
general, as many rays as there are prisms employed. If but 
two prisms are employed, they should be joined base to vertex, 
as in figure 119, so that their refractions may be in opposite 
directions ; indeed, if the two prisms are of the same substance, we 
have seen, that in order mutually to compensate each other, they 
should be placed in this position with equal refracting angles. 

182. But when the substances are not of the same nature, 
how are we to determine the ratios of the angles of refraction with 
which a compensation must take place ? We can manifestly ap- 
proximate to this determination, by considering the magnitude 
of the spectrum furnished by prisms of these two substances form- 
ed with equal angles. We can then effect the pro]:)osed object still 
more nearly by gradually diminishing the power of that which 
causes the greater degree of.dispersion, and which, when the two 
prisms are combined, colours the image in the direction of its own 
dispersive power. When the compensation is thus in part effect- 
ed, we can easily discover the best of all possible compensations 
by the following process, which was applied, in a great number 
of instances, with entire success, by M. Cauchoix and myself. 

At the extremity of a good achromatic telescope, and parallel 
•%. 120. to its axis, are placed two metallic rods T, T, diametrically oppo- 
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site. These arc pierced transversely with two holes Ay A^ through 
which pass the axes of two copper frames C, C, that turn freely 
round the straight lines A^ A^ and perpendicular to the axis of 
the telescope, the motion being measured by graduated circles. 
To these frames are attached the two prisms that are to be com- 
pensated, and the apparatus will then be disposed, as repre- 
sented in the figure. In order that the experiment may succeed 
completely, the angles of the prism must be such that when 
they are turneci in opposite directions, they will nearly form 
an achromatic system ; this can be accomplished by repeat- 
ed trials, as mentioned above. It has been already shown, 
that the dispersion does not depend simply on the angular open- 
ing and cheipical nature of the substance ; it varies also with 
the incidence of the rays ; and this incidence enters as an ele* 
ment into the analytical conditions to be fulfilled, in order that 
the rays of different kinds may be parallel after their emergence. 
We can avail ourselves of this variation, in seeking, by experi- 
ment the precise situation in which the compensation is most 
perfect. Accordingly, let us suppose, that the telescope and the 
two prisms are so disposed, that a white object at a great dis- 
tance may be seen through the system. If the image of this 
object is found to be equally white throughout, the prisms are 
properly placed ; and this is the position which renders the 
achromatic effect complete ; but it is not to be expected that a 
colourless image will be obtained on the first trial. A very sen- 
sible colour almost always presents itself after the refracting 
angles of the prisms are opposed to each other. Then we 
turn slowly one of the prisms in the direction necessary to 
diminish the colour. If a motion of one of the prisms is not 
sufficient, both must be moved successively, and thus we shall 
at length find the position in which the compensation is the 
most f»erfect. The prisms are to be fixed in this position, 
and it will only be necessary to measure the angles they make 
with each other, and with the rays that traverse them. Hence 
the design of the graduated circles that serve to measure the 
angles passed over by the frames. There are some precau- 
tions to be used for determining the precise point of each divis- 
ion which renders the frames perpendicular, respectively, to the 
axis of the telescope, and also for arranging the prisms in such a 
manner, that their refracting angles shall be exactly compre- 
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bended in the same plane. In the experiments made t^y M* 
Cauchoix and myself, the object selected as a mark, was a strip 
of white paper pasted to a sheet of black pasteboard ; its width 
was about four inches, and its length about three and a half feet. 
We fixed the pasteboard in a vertical position, at a distance of 
about twenty rods, so as to present the longer sides of the piece 
of paper in a horizontal direction ; and wc placed the prisms in 
such a manner, that the planes of their refracting angles, in 
which the dispersion took place, should be vertical, which was 
effected by directing them towards the edge of some edifice or 
tower at a distance, turning them on their frames, till they ceased 
to exhibit any lateral deviation. When a proper position was 
found, they were made fast, and the foot of the telescope was 
also secured by a screw, preventing any horizontal motion. 
These preparations are of great importance in facilitating the 
achromatic process. For, when the image of the object is 
held in the telescope, it cannot be displaced, except in a vertH 
cal direction. Hence, while, by gently turning the prism with 
one hand for the purpose of destroying the colour, the image is 
displaced, it may easily be brought back by raising or depress- 
ing the telescope with the other. If the refracting angles are 
so disproportionate that the effect of colour cannot be corrected 
by a mere change of incidence, it will be easily perceived ; for, 
if we suppose, for example, that the second prism is too pow- 
erful, and that the vertex of its refracting angle is directed 
towards the earth, then this prism, if it acts alone upon the 
light, will give a coloured image of the object, in which the 
red rays, being least refrangible, will appear highest, and the 
violet rays, which are most refrangible, lowest. Consequently, 
if the image of the object, seen through the two prisms, pre- 
sents constantly this arrangement of the colours, in every variety 
of situation, it is a certain proof that the dispersion of the first 
prism, which acts in a direction contrary to the other, can never 
be sufficient to compensate it, much less to exceed it. It follows 
therefore, that the diminution of colour that can be produced 
by this system, is far from the greatest possible. In such cases 
it will be necessary to diminish somewhat the refracting an- 
gle of the second prism, which has thus been found to be 
too great, and then to replace it. If it has been sufficiently 
diminished, upon moving the two prisms alternately, we shall 
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obtain 'images of the object in which the red fringes are turned 
upwards, and other images in which they are tm'ned downwards. 
In the first case, the posterior prism prevails, in the last, the 
anterior. Between these two opposite states there will be found 
one or more situations, in which the colours of the borders of the 
image will be the least possible. Such combinations afford the 
most favourable compensations. We preserve that combination 
which seems best, that is, which gives the shortest and espe- 
cially the dullest fringes. The prism and the telescope arc then 
made fast in their places by means of screws. Special care should 
be taken to avoid the red and yellow fringes ; for these two col- 
ours being brighter than the others, have a much more sensible 
effect when these results are applied to the construction of tele- 
scopes, for which they are principally designed. For a contrary 
reason, we should give the preference to those positions which 
produce fringes of obscure and deep colours, those, for example, 
of a brick red, or of a greenish blue ; for these colours being less 
vivid, their effect will be less conspicuous in telescopes, and it 
will be altogether insensible in observations made at night. 

183. Having found the most favourable disposition, we observe 
the positions of the two prisms by means of the graduated cir- 
cles; from these we deduce the angles of incidence and emer- 
gence of the mean rays, and these elements, introduced into 
formulas, determine the ratios of the refracting angles under 
which the compensation of the two prisms will bo effected, 
when placed upon each other, and exposed perpendicularly to 
the luminous rays. In our first experiments upon dispersion, 
we remarked that each prism had a certain position in which 
the refracted image becomes stationary ; and that before and 
after this limit, the refraction and dispersion increase simulta- 
neously. Hence in experiments upon this subject we ought to 
. find for each prism several positions, in which the same effect is 
produced upon the image transmitted. This is indeed the case. 
But upon calculating the course of the rays, for all the various 
positions, on the supposition of a constant ratio of refraction for 
the different angles of incidence, we arrive finally at the same 
ratio of compensation, and that too with surprising accuracy, 
as may be seen in the Traiie de Physique. This agreement is 
a very delicate and certain proof of the constancy of the ratio of 
refraction for each simply ray. 
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184. Whatever care we use in these experiments, if we em^ 
ploy a telescope which magnifies fifty or sixty times, and prisms 
whose refracting angle is at least fifteen degrees, conditions 
which are necessary in order to render the coloured fringes sen- 
sible, it will soon be perceived that an entire removal of colour 
is altogether impossible, except in the single case in which the 
two prisms arc composed of one and the same substance. For, 
when the prisms have those refracting angles that are very 
near the proportion, which produces the best achromatic effect, 
each colour may he made to pass successively from one side of 
the image to the other without an intermediate position being 
found in which the coloured fringes disappear entirely. From 
this impossibility we infer with the utmost certainty, that the dis- 
persion of the rays does not by any means take place according 
to the same laws in substances, which differ in their chemical com- 
position ; we infer also, that when two homogeneous rays, of what- 
ever kind, have been refracted in such a manner as to be parallel 
at their emergence from the two prisms, the homogeneous rays 
of different species will be inclined to each other, and will form 
fringes on the borders of the object. Hence it is evident, that in 
order to obtain more perfect compensations, more than two prisms 
must be employed. Three are used in some achromatic teles- 
copes ; a greater number would diminish the light too much bj 
their successive reflections ; besides, when the achromatic effect 
of these instruments is determined with care, by the methods 
already pointed out, their imperfections arc no longer the conse- 
quence of unequal refrangibility in the rays of light, but of the 
diffusion of the foci, in which spherical lenses, having any sensi- 
ble aperture, concentrate the several incident pencils, which 
cover their whole surface. 

185. Finally, the absolute quantity of dispersion, measured 
between two determinate colours, is as variable as the law- itself, 
according to which the different rays arrange themselves in each 
spectrum. This is plainly indicated in the above process, by the 
varieties of coloured fringes obtained when two different sub- 
stances are compensated by each other. 

If substances are compared together, which have very unequal 
refracting powers, the dispersive powers will, in general, be 
found to be so likewise, and in the same directk>n, the most 
refractive substances being the most dispersive. For example, 
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the oxide of lead introduced into the composition of glass, aug- 
ments to a considerable degree, its dispersive power ; it aug- 
ments likewise its refractive power, although in a smaller pro- 
portion. Of all the substances which were tried by M. Cauchoix 
and myself, the liquid known in chemistry under the name of 
sulphuret of carbon, appeared to have the greatest dispersive 
power. The dispersion produced by it was ten times that of 
water, under similar circumstances; the refractive powers of 
sulphur, and of solid carbon are also very considerable* Still this 
correspondence between the increments of refraction and disper- 
sion is very far from being general, especially when the ratios of 
refraction differ but little. The essential oils of ^citron and tur- 
pentine, muriatic acid, pure or saturated with ammonio-muriate 
of mercury, disperse more than crown glass, but refract less, as 
has been well ascertained. The same is true in a number of 
other instances ; so that the relation of the dispersive forces of. 
bodies to their chemical composition, is even more difficult to be 
foreseen than that of the refractive forces. 

John Dollond, a celebrated English optician, was the first 
who proved, by experiment, the error of Newton, respecting the 
possibility of obtaining an achromatic compensation, preserv- 
ing at the same time an excess of refraction. Euler suppos- 
ed this to be possible, because it was realized, at least very 
nearly, in the construction of the eye, which is achromatic when 
well adjusted, and sensibly unites all the refracted rays in the 
image upon the retina, and paints the objects in their proper col- 
ours, as may be seen by taking the eye of an animal recently 
killed, and removing the outer coating from the back part, and 
examining the images formed there. But this remark, upon an 
organ thus composed, was not sufficient to develope the true prin- 
ciples upon which the compensation is founded. Euler proposed 
several hypothetical laws, which might produce this effect. It was 
in trying these laws that Dollond was lead to repeat some of the 
experiments of Newton, upon compensation by prisms of different 
refracting substances ; and being led by chance, or a happy con- 
jecture, to try some of a nature very different from each other, like 
crown glass and flint glass, he discovered that the refraction pro- 
duced by crown glass remained predominant, when the angles 
of the prisms were such that the compensation was sensibly com- 
plete. By preserving the same relation between the prismatic 
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border^ of concave and convex lenses, made of these two sa1> 
stances, Dollond obtained achromatic object-glasses, which en* 
abled him greatly to enlarge the apertures hitherto employed. 
Although great use has been made of this discovery, but little 
pains have been taken to perfect h, and opticians are still com- 
pelled to use the rules of compensation given by Dollond, even 
in instances where they are no longer applicable; and when 
under the necessity of deviating from them, on account of great 
difference in the substances, they have resorted to expensive and 
imperfect trials. These are the considerations which led Mr 
Cauchoix and myself to seek an exact process, such as has here 
been given. 



Of the Dispersion which accompanies Extraordinary Refraction^ and 
the Separation of the Axes of Double Refraction with respect to the 
different Simple Rays. 

^ 186. It has been mentioned, that in crystals endued with dou- 
ble refraction, the extraordinary image is generally coloured, as 
well as the ordinary. This phenomenon, therefore, proves that, at 
equal incidences, the extraordinary velocities are unequal for the 
different simple rays, as analogy alone would indicate ; but it 
may be easily shown that the mode of dispersion resulting from 
it must generally be more complicated than that for images 
where the velocitj'' is constant. Indeed, confining ourselves, for 
the sake of simplicity, to crystals of one axis, if we call the ordi- 
nary velocity r, and the angle formed by the extraordinary ray 
with the single axis 17; we have seen that the extraordinary 
velocity «/, is given by the formula, 

v'^ =v^ + fc sia 3 U, 

in which fc is a constant coefficient peculiar to each crystal, and 
which is positive in some and negative in others. Now, fexperi- 
ments show, that generally the values of this coefficient are sen- 
sibly different for the different simple rays, and increase with 
the refrangibility. Their variations, or rather those of the pro- 
duct k sin ^ f7, which result from them, combine therefore with 
those of the square of the ordinary velocity to form «/, and as 
the values of v increase also with the refrangibility of the rays.. 
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it is manifest that ii k is positive, as is the case in attractive crys- 
tals, the two causes of variation conspire in the extraordinary 
velocity ; while on the contrary, if k is negative, as it in fact is in 
repulsive crystals, they counteract each other. In this last case, 
therefore, it is possible that they may nearly or entirely destroy 
each other ; and then the extraordinary image may be sensibly 
white, although very powerfully refracted. Indeed, this sin- 
gular phenomenon, is exhibited in the rhomboids of Iceland spar, 
when the incident ray S/, is directed towards the small solid Fig« 7ff. 
angle B' ; because then the ordinary refraction tends to disperse 
the spectrum, by causing the most refrangible rays to approach 
the normal to the point of incidence; while the repulsive 
force, emanating from the axis IA\ tends to disperse them in 
the opposite direction. Malus found that these two opposite 
causes counterbalance each other when the incidence is about 
40°. Then the ordinary image only is dispersed } and the ex- 
traordinary image, although strongly refracted, is sensibly white. 

187. It has likewise been remarked that, according to a very 
ingenious discovery made by the son of the celebrated Sir Wil- 
liam Herschel, the axes of double refraction in crystals, are not 
always the same for all kinds of simple rays, but have different 
positions, and different inclinations to each other, for these dif- 
ferent rays. This dispersion has as yet been observed only in 
crystals of two axes. Indeed, it is easy to see that it is not pos- 
sible in others, simply from the condition of symmetry of faces, 
which is necessary for the existence of a single axis. For the ^^' 
same reason, in crystals with dispersed axes, all the pairs of axes 
are comprehended in the sam« plane, and have the same inter- 
mediate line common. But the direction of the dispersion is sub- 
ject to no rule. In some crystals, such as the sulphate of ba- 
rytes, the nitrate of potash, aragonite, sugar, and hyposulphate of 
strontian, the axes of the red rays are less inclined to each other 
thantho»e which correspond to the violet rays. The reverse takes 
place in borax, Siberian mica, sulphate of magnesia, white topaz, 
and tartrate of potash and soda. The phenomenon is particular- 
ly excessive in the last salt. According to Mr Herschel, the incli- 
nation of the axes in this, is 55° 14' for the violet rays, and 75° 
42' for the red rays, each being taken at the extremity of the 
spectrum. It is obvious that these differences as to position and 
angles must affect the course of the refracted rays, calculated 
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.^^ according to the general law, and therefore in crystals where 
they are sensible, we are obliged to specify the particular 
species of rays to which the formulas are to be applied. These 
phenomena must evidently render the laws of dispersion very 
complicated, in the crystals under consideration. But it was not 
in this way that Mr Herschel made the discovery of the sepa- 
ration of the axes. The tartrate of potash and soda, where it is 
so considerable, has a double refraction, so very feeble, that it 
is hardly capable of being measured; and. in crystals hitherto 
observed, where the double refraction is most powerful, the axes 
are generally very little dispersed. But the phenomenon of 
their dispersion is rendered very evident, independently of the- 
doubling of the images, by certain phenomena of colour to be 
explained hereafter ; and it was by these that Mr Herschel wast^ 
led to the discovery. 



Diaptric Instruments anisisting of several Glasses. 

188. The most complicated dioptric instruments may be con- 
sidered as consisting essentially of two glasses. The first, called 
the olject'glass^ receives the light immediately from the object, 
and forms an image of it at its focus. The second is called the 
ijfe-glass, and is placed near the eye for the purpose of viewing 
this image, which, according to the relative focal distance of 
the two glasses, and the position in which they are placed, will 
appear erect or inverted, magnified or diminished. This system 
may be greatly improved by making the eye lens to consist of 
several glasses^ properly disposed, and rendering the object 
lens achromatic when it is possibliE^. By this means greater dis- 
tinctness and a higher power may be obtained. All the varieties, 
however, may be reduced to the same principle. Whatever be 
the number and curvature of the glasses, they must all have 
their axes in the same straight line and be firmly fixed in a tube, 
consisting of several pieces that slide within^ each other, for the 
purpose of varying the distance of the eye-glass from the object- 
glass. This tube should be blackened on the inside for the pur-^ 
pose of absorbing all the light which strikes upon its sides; for 



ComptMnd Mitrosccpe. 187 

rib rays but those which come nearly in the direction of the axis, 
common to all the lenses, can be of use in vision. Hence, in 
order to insulate these rays completely, a number of transverse 
partitions with circular openings, called diaphragms^ are placed 
in the interior of the tube, being coloured black, in order to arrest 
by their opacity the rays which are too oblique. 

In general, all instruments of this kind may properly be con- 
sidered as earners obscurse, or dark rooms, of small dimensions 
and a field of view of little extent. This last limitation is required 
in order to the enlargement to which it is to be subjected in the 
image ; for it would appear distorted if it were not reduced to 
very small dimensions. 

189. Each kind of instrument is appropriated ta a particular 
pnrpofipe ; some are employed in examining very minute objects at 
a short distance by enlarging their image; these are called 
microscopes ; others are used in viewing distant objects, under a 
greater angle than they present when seen by the naked eye, 
they being seen with equal distinctness at the same time ; these 
are called tekscopes. In both these kinds of instruments, th^ same 
principles are employed ; and they are adapted to their respect- 
ive objects by introducing some peculiarities in the construction. 
This will be seen as we proceed to examine successively those 
which are the most common and most useful. 



Compound Microscope* 

m 

190. The object'^glass of this instrument is a small lens A^ of Fig* 12L 
a very short focus, before which are placed minute objects Ss, 
at a distance A^P or A^ which exceeds very little the distance 
A^Fj^ of the principle focus. Behind this lens is formed an invert- 
ed im&ige/, 9,, at a distance AiP^ or <S, much greater than A ; 
and if the magnitude of Sz is expressed by /, that of /^ ^,, will 

IS 

be expressed by — ; hence this image is likewise much greater 

than the object £>s. If this degree of magnifying power were 
sufficient, the image might be received upon ground glass, placed 
at/, ^i, and viewed in this situation by the naked eye. But it 
evident, that the effect would be increased still more if the 
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eye were furnished with a magnifier A^, placed in such a mal^ 
ner that the image/, 9^19 may be a little within the principal focal 
distance; for there would result a second image /, g>^^ likewise 
inverted, but greater than/, 9),. There will then be no need of 
a ground glass, which would absorb a great portion of the light; 
for the particular foci, which united, form the image /, 9},9 will 
have with respect t» the lens the same effect as so many radiant 
points, only much more luminous. Such is the manner in which 
the eye-glass A^ is disposed in the compound microscope. The 
two lenses are fixed in the ends of a tube, the parts of which 
slide in each other for the purpose of varying the interval which 
separates the glasses. 

191. Her^ as in simple microscopes, the magnifying power is 
in the ratio of the absolute dimensions of the object S s to those 
of the last image/, g>^. Hence, other things being the same, it 
magnifies objects the more according as the focal distances of the 
lenses are less. The focal distance ^ , F, of the object-glass being 
diminished, the image /, 9>,, formed behind ihis glass, becomes 
greater at the same distance. By shortening the focal distance 
A^F^ of the eye-glass, the image /, 9),, resulting from /i ^^,9 is 
enlarged, the distance of distinct vision being the same. The first 
kind of variation is limited by the difficulty of accurately con- 
structing very small lenses, the injurious effect of increasing the 
angles of incidence and emergence of the rays at the surfaces of 
these lenses, and lastly, the very small quantity of light which 
they are capable of receiving and transmitting. But the in- 
crease of power derived from contracting the eye-glass, is still 
more limited, on account of the necessity ot having it of con- 
siderable magnitude. Indeed, the surface of the object-glass 
being small, the pencil of refracted light that comes from any 
part of the object, is very minute ; so that when it is concen- 
trated in one of the points of the image /j 9),, and radiates anew 
from this point, it will not cover the whole of the eye-glass 
Ag^ but will fall upon only a small portion of it; hence, if the 
eye-glass is so contracted in its dimensions that the pencil from 
a given point of the image shall not meet this glass, it will be 
wholly lost to the eye. The field of view of the instrument, that 
is, the space embraced by the eye as it looks through the lenses 
that compose it, will be limited also by the last rays which meet 
the extreme border of the eye-glass ; this is another reason why 
it cannot be indefinitely diminished. 
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' 192. From the smallness of the refracted pencils the field of 
view may be considered as limited by the pencils whose axes 
<^\ fn •^i9'i9 gi^size the borders of the glass. No notice need 
now be taken of the more oblique pencils, of which only a 
part fails upon the eye-glass, on account of the feebleness of the 
light ; they are moreover excluded by a diaphragm, placed 
between the glasses, where the image/, ^, is formed. Hence, if 
&9,, s*^!) represent the axes of the extreme pencils, the extent 
of the field of view will be equal to the angle 5^3, s, or /jW^, i, ; 
it may then be easily calculated ; for if we call h the interval 
A^jI^ between the two lenses, and z^ the semidiameter I^A^ of 
the second, half of this angle, ot l^A^A^^ will have for its trig- 

ODometrical tangent the ratio —; from this expression the angle 

may be obtained by the tables. In order that the eye may em- 
brace the whole of this extent, it must be placed at the point O 
of the axis, where are collected all the extreme emerging rays, 
and generally all the most minute pencils which proceed from 
the several points of the last image /^ q>^. Hence the distance of 
this image from the point O should be equal to the distance at 
which distinct vision takes place. Each observer can fulfil this 
condition by varying, according to the reach of his eye, the in- 
terval h between the two lenses, or the distance A of the object, 
which varies also the magnifying power and the extent of the 
field of view. The eye being thus placed at the proper point O, 
will perceive the whole of the field of view, and would perceive 
it even if the opening of the pupil were infinitely small. But 
when removed only a small distance from this point, it would 
scarcely receive any rays, except those in the axis, and the field 
would vanish, were it not for the sensible opening of the pupil, 
which enables the eye to take in the whole field when it is not 
situated exactly at the point O. 

193, By introducing the several particulars of this construc- 
tion into the general formulas which express the course of the 
rays of light through several spherical lenses, arranged on the 
axis, we obtain the exact measure of all the phenomena above 
indicated. But they may be obtained also by experiment. 

The extent of the field of view is determined immediately by 
tracing the limits of the space visible at a given distance A^P. 
The magnifying power requires certain details which we pro- 
ceed to make known^ 
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Fig. 122. The body of a compound microscope generally consistji of 
three tubes that slide within each other. The upper part 
GjS, in which the eye glass is fixed, and which for this reason 
is called the eye piece, is fitted to slide firmly in the tube FCi 
this in its turn slides firmly, by means of friction, in the lower 
tube BA^^ in the bottom of which the object-glass is screwed. 
This being premised, the eye piece GE is taken out, and at DD 
e circular diaphragm is introduced, its diameter having been pre* 
viously measured ; then, replacing the eye-piece, it is made to 
slide down till the borders of the diaphragm are distinctly seeiiy 
which will then be found precisely at the point where the imag!^ 
of an object, formed by the object-glass, must im brought, in order 
to be distinctly seen through the eye-glass. The diaphragm DD 
is usually in the piece FC ; and the proper distance between the 
eye-glass and the diaphragm, for different eyes, is obtained by- 
drawing out or pushing in the piece GE. 

Before the object-glass A^ there is a double circular ring of 
metal 55, in which are placed the objects which are to be ex- 
amined with the microscope ; or rather these objects are fixed 
on plates of glass or mica, which are made to slide between the 
rings. The instrument is mounted in such a manner that the 
rings SS may be made to approach to, or recede from, the object 
lens, for the purpose of placing the object at a proper distance 
from this lens. Then, when the magnifying power is to be 
measured, instead of an object, a piece of glass is made to slide 
in the rings. On this glass are drawn, with a diamond, a nam* 
ber of parallel lines, the distances of which from each other are 
accurately known ; let them be thousandths of an inch, for ex* 
ample. A glass thus divided is called a micrometer. When this 
is placed, the middle piece FC is let down to a certain fixed 
point. Then, without touching the eye-glass, the whole body 
of the microscope GFC is raised or lowered till the lines on the 
glass micrometer are distinctly seen. The image will thus 
be found to be exactly in the diaphragm DD, since it is only in 
4his situation that objects can be distinctly seen through the eye* 
glass. The divisions, contained in the diaphragm, are thus 
counted ; let us suppose the number to be equal to m, and 
that the real diameter of the diaphragm is Jtf ; it follows there- 
fore that m divisions of the micrometer, thus magnified, are 
equal in extent to JIf. Hence the magnifying ppwer of the object- 
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glass will be represented by — • Suppose the micrometer to be 

divided into thousandhts of an inch, and the diameter of the dia- 
phragm into 5 tenths of an inch. The instrument being brought 
to the proper point of view, I will suppose that 20 parallel divis- 
ions ere contained in the diameter DD ; there are then 20 thou- 
sandths of an inch, which, by the power of the object-glass, 
become equal to 5 tenths, or 500 thousandths of an inch* Thus 
the magnifying power produced by the object-glass, at this dis- 
tance, is found to be Vt ^^ ^^ 9 hence we conclude, in general^ 
that the first image /, 9^1, formed behind the object-glass, is 
twenty-five times as large as the object. 

194* Now the enlargement of this image/, 9>i) produced by 
the object-glass, may be calculated upon the prmciples made use 
of in the case of a simple magnifying glass, from its focal distance 
and the distance of distinct vision, the rule heretofore given 62. 
being reversed. Thus the total enlargement produced by the 
compound microscope, will be the product of these two partial 
enlargements. If, for example, in the situation where the object 
is placed, it is magnified twenty-five times by the object-glass 
alone, and its image is magnified ten times by the eye-glass, the 
total effect will be equal to the product of 25 by 10 or 250. 

The proportions thus determined belong to the distance A, at Fig ui. 
which we place the object from the object-glass. The effect is 
increased if we bring it nearer the principal focus F, and dimin- 
ished if we remove it farther off; for, in the first case, the image 
/, 9i, is thrown further from the object-glass.^,, and, in the 
second, it is brought nearer. Accordingly, if we do not wish to 
alter the eye-glass, it would be necessary to move the intermc* 
diate piece FC, in order to lengthen or shorten the tube, in such 
a manner that the new image may always be formed within the . 
borders of the diaphragm JDD, and thus be found at the con- 
stant distance from the eye-glass which is adapted to distinct 
vision. We might repeat, in each of these new positions, the 
process for determining the enlargement produced by the object" ' 
glass, but this is not necessary ; for it is shown by calculation. 
that, for the same distance of distinct vision, the values of total 
enlargement are sensibly proportional to the distance A^H^ or 
ihe.mterval between the object-glass and the eye-glass, dimin- 
ished by the focal distance of the eye-glass. It is sufficient then 
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to measure these distances in the first experiment, when the inter 
mediate piece FC, is pushed down to its limit; and by tra^ 
cing on the tube a scale of equal parts, which will indicate, 
for an other cases, the quantity by which it is lengthened, we 
can deduce the magnifying power of the microscope, by the 
proportion we have stated. Or, if we wish, we can mark these 
enlargements on the tube itself, against a certain number of di- 
visions, sufficiently near together, to allow the intermediate ones 
to be calculated by simple means. But these values, being com- 
pounded of the eflfect of the object-glass and that of the eye- 
glass, will still vary for different eyes, according to the distance 
of distinct vision ; because it will be necessary, in €ntler to adapl 
the distance of distinct vision to different eyes, to increase or 
diminish the distance of the eye-glass from the diaphragm ; so» 
that the same instrument will always magnify more for long- 
sighted than for shortsighted persons, as we have shown in the 
case of simple microscopes. 

195. When the microscope is once prepared in the manner 
above described, it may be employed for the purpose of obtain- 
ing the absolute dimensions of small objects, and the result wiH 
not be far from the truth. We might place one of these objects 
immediately on the glass micrometer, and see with the micro- 
scope how many of its divisions are covered by it, were it not 
that the thickness of the object, ho-wever small we suppose it, 
has an important influence on the place of the image, on account 
of its proximity to the principal focus of the object-glass; so 
that we can never see it distinctly through the eye-glass^ and 
the divisions of the micrometer at the same time. To remedy 
this inconvenience, we place another micrometer in the inte- 
rior of the microscope, exactly in the place where the first 
image is formed, that is, on the diaphragm DD^ which answers 
to the focus of the eye-glass. Then we easily observe haw 
many divisions the image of the object takes up on this interior 
micrometer. This number, divided by that which expresses the 
enlargement produced by the object-glass alone, for its actual 
distance from the image/, 9^,, or the micrometer, gives the abso- 
lute size of the object. 

196. The above method was long since made use of by M. 
Charles. The limits of this treatise will not allow a detail of all 
the improvements introduced by this skillful observer. But I 
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will mention some particulars to be attended to without which the 
microscope would be altogether useless. 

In the first place, it is absolutely necessary to illuminate strong- 
ly the objects we wish to observe. These objects being hardly 
ever luminous of themselves, emit directly very few rays ; and 
only a small number of these are admitted into the micro- 
scope, on account of the very small opening which must neces- 
sarily be given to the object-lens. If then we confine ourselves 
to this small degree of light, the image will be so faint, that 
we can hardly ever perceive it, however little it may be mag- 
nified. On this account we illuminate the object strongly, by 
throwing upon it, from a slightly concave mirror, the ordi- 
nary light of the sky, or that of a lamp condensed by means 
of a converging glass. If the object is opaque, we illuminate it 
in this manner by light from above; but if it is transparent, 
we generally receive the light from below. I say, generally, 
because there are some cases in which it is best to have the 
light directed otherwise. When, for instance, we wish to ob- 
serve the divisions of the micrometer, in order to determine the 
magnifying power, we never see them better than by an oblique 
reflection ; then they are delineated in black on the glass plate. 
There are some of these micrometers which contain 900 visible 
marks in the space of a French line or ^V ^^ ^^ English inch. 

197. Another indispensable precaution is to place diaphragms 
in the interior of the instrument, to limit the field of view, and to 
exclude all that part of the image which is ill defined. For in all 
the preceding considerations, we have supposed the incidences 
and emergences infinitely small. They are not so in reality, and 
they are the less so, according as we give to lenses a greater 
opening. Hence the concentration of the rays in a single focus, 
the regular formation of the image, its perfect similarity to the 
object, and all the other properties which exist under very small 
inclinations, are only approximations from which we deviate 
more and more, in proportion as the glass used has a greater 
aperture. Now we must deviate only just so much as to prevent 
vision from becoming too defective ; and this we do, by limiting 
the field of view by diaphragms, differing in extent according as 
the case may require ; and a very simple method, is to retrench 
from the image whatever might affect the distinctness of its out- 
lines. 

Opt. 25 
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198. Dr Brew5[er has conlrived a very ingenious metlii 
of employing the microscope for measuring ihe ralios of refrJ 
tion in liquids, and a great number of substances partially 
such as wax, gum eliisiic, ^c,, which are opaque in the masi^ 
but which become iransiucid, or even transparent, when mad*' 
sufficiently thin. For this purpose, we fix before the objeei leni^ 
and nearly in contact with it, a very thin plate of glass with pai%< 
allel faces; then wc bring the microscope lo the point of dis*-j 
tance proper for seeing distinctly, through this system, the marks 
of the object-glass micrometer. This being done, we insert be» 
tween the glass plate and the lens, a drop of the liquid whose 
refraction we wish to examine; or if it is a solid substance, ne 
detach a very thin lamina and press it strongly between the glass 
plate and the lens, until it is moulded, as it were, upon the gun 
face of the lens. This operation forms, with the substam 
pressed, a true divergent meniscus, whose anterior surface 
plane, and whose posterior surface has the same curvature 
_ the anterior surface of the object lens. The inlerposition of tl 

B meniscus necessarily Increases the distance at which the im; 

H of the object is formed behind the object lens; so that if 

^M keep the object-glass micrometer at the same anterior disti 

^M we must lengthen the body of the microscope in order to 

^B clearly the image in the diaphragm, or what leads to the 

^M result, we may leave the body of the microscope unaltered, aaS.' 

H increase the distance of the object from the lens. The amount 

H of this alteration depends upon the curvature of the object-lens 

H and upon the nature of the substance interposed. If the cai 

^M ture is known, we deduce from this amount, the ratio of refr 

^M tion of the substance. If it is unknown, and it is always best 

^1 make this supposition, then we begin by forming the meniscus 

H with pure water, whose ratio of refraction is known, being, ac- 

^B cording to Newton, equal to ^f| or 1,3358G; and by comparing 

^M the alteration of distance necessary in this case, with that re- 

^M quired for the particular substance afterwards subjected to ex- 

^1 periment, we deduce the ratio of refraction of this substance 

H compared with that of water. The application of this pro- 

^B cess requires much skill and address, because the accuracy of 

^M it depends upon the more or less perfect exactness with which 

^H we bring the image into the diaphragm, in doing which, 

^^ only guide is the condition of greatest distinctness of visio^ 
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Still it admits of many very useful applications, both for sulv 
stances which only become transparent when reduced to their 
laminae^ and for liquids of which we possess only very small 
quantities, a single drop being sufficient for the observation. 



Amplifying Glass and Achromatic Eye-Glasses. 

109.^ The ii^perfections of the microscope ari^ in a great de-< 
gf«fe from the want of achromatic lenses, which is the moi^e felt 
according as v^e attempt to m^ake use of higher degrees of mag-^ 
Mifing power. Unfortunately it is impossible to remedy thif^ 
ddeict Entirely, since it is in vam to tlnnk of forming achromatic 
kiises so small as those which the microscope requires. But 
ihis evil mdy be, to a considerable degree, ren^oved by a method 
tlr^ofa suggested itself to practical men, before any theory had 
been devised to explain its effect, or to show how it might bef 
0Bipldyed in the most advantageous manner. This method con- 
sists in j^acing, in the interior of the microscope, behind or 
tjefore the first image/, ^,,3 third converging glass, of a focutf 
jMr6|)erty determined. Then the course of the rays will bd suchi 
ds is represented in figures 123, 134. The first dispositionfy 
figstt 1 93y \^asi invented by Campani ; the other, figure 1 34, by 
Rdtited^n. 

The dmpfeyment of this glass,* called the amplifying glass^ is 
eomtti^iy U> HI dioptric instruments. Its evident use is so to col- 
lecl the ptncilil separated by the object-glass, to concentrate them? 
in a smalier space, and thus to fended the image more distinct, 
smatiei', and consequently to make a greater part of the object 
visible by a given eye-glass. But there is another less obvious use^ 
which consists in the achromatic influence which this ^ass exerts. 

200. When the rays coming from an object, have been re- 
fracted by any system whatever of spherical lenses, which form 
images ol it about the axis A^X^ owing to the unequal refrangi- F^. 125. 
bility of light, the foci of the rays of different colours are not, in^ 
genera), formed at the same distance ; so that if p^ is the focus 
of the violet rays, q>^ will be that of the indigo, g>^ that of the 
blue, and finally 9)^ that of the red ; and as the same property 
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belongs lo ihc radiating points situated wilhoul llie i 
wiil be formed in (p,, a violet image I (^,in ip^ a blue image Bfl 
aod in ?>, a red image IIR; and ihe same cause which distn 
butes them at diiTerent distances will give ihem also diifcret 
dimensions. Now, if the eje be placed at some point 0, in tW 
axis AX, for ihe purpose of looking at ihtse images, it will, m, 
the firs! place, suffer the inconvenience of their unequal distanct 
which will prevent them from being seen together at the exad 
distance necessary for distinct vision. Moreover, it will be di» 
agreebly affected by the inequality in their size; for, as thej 
project beyond one another, they will exhibit the outlines a 
objects bordered with coloured fringes of red, violet, or th| 
intermediate colours, according as one or the other may predod 
ioaic, in the course of the refractions they severally undergo, i 
great advantage, therefore, will be obtained if we can regulu 
the size of these images, in such a manner as to make them ft 
aclly proportional to their distances from the eye, as represenlflj 
in figure 126; for then the eye seeing all their borders in 
same straight line VRO, will receive at once, from these border! 
the sensation of all these species of rays, and consetjuently tb 
coloured fringes will disappear. Now this disposition, whici 
would seem at first to be very complicated and difficult, is fount 
in fact to he csircraely simple; and is precisely the effect ] 
duccd by the amplifying glass, when its focal distance, and il 
position with respect lo the other glasses, are properly delermiu 
ed. This can be done only by calculation, and consequently, 
cannot here state the conditions. I will simply remark, that this ' 
arrangement, in order to be possible, requires that there should 
be in the instrument, at least two glasses Jl„, A^, besides the 
object-glass A^ ; for, with the object-glass and only one othein 
we should not be able lo render the borders of the last imaj 
colourless, except in one particular situation of the object. 
cordingly, in all the applications that follow, ike achromatic t 
glass must always be composed of at least two tenses. 
Fig. 133. 201 . The achromatic eye-glass of Campani, is the one alwayl 
employed in compound microscopes, and generally, in instru- 
ments where ivc do not wish to extend fixed wires over the 
given by the object-glass. But when these wires be- 
come necessary, as in astronomical instruments destined for _ 
measuring, where we are obliged to fix precisely the direction o 
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the rays which come from the heavenly body to the eye, at a 
known instant, we cannot employ this arrangement ; because, in 
drawing out or pushing in the eye-glass to accommodate it to 
different eyes, we should necessarily move the wires, and if 
this movement were not exactly in the axis of the telescope (and 
we cannot suppose it would be), the successive passages of the 
body would not be comparable with each other. In this case, 
the eye-glass of Ramsden is particularly applicable ; because, Fig. 124.. 
being situated completely beyond the first image /| ^, it can be 
drawn out or pushed in, without moving the wires extended at 
the place where the image is formed. Accordingly, we always 
employ it under these circumstances, and it was for this purpose 
that that celebrated artist contrived it. By examining the efiect 
of the eye-glaSs of Campani, in microscopes, M. Cauchoix found 
it advantageous to give to the amplifying glass the form of a 
meniscus convex towards the object-glass. As to the enlarge- 
ment produced by this apparatus, we shall explain hereafter the 
means of determining it according to a process devised by M. 
Arago, and which is applicable to all optical instruments. We 
repeat this observation for two diflferent distances of the object 
from the object-glass ; which will cause the image to advance or 
recede, and make it necessary to move the two lenses of the 
compound eye-glass, in order to bring it to the true point for dis* 
tinct vision. We shall thus have two known enlargements, for a 
known lengthening of the tube ; their difference, distributed uni- 
formly among all the intermediate lengthenings, will give the 
corresponding intermediate enlargements, which may be traced 
on the tube. 

A bare inspection of figures 1 23, 1 24, will show that these 
eye-glasses do not change the inversion of the objects produced 
by the object-glass ; but their erect position may Ibe restored by 
employing more than two glasses, as we shall see hereafter. 
This is done, in certain cases, in the telescope, which is next to 
be considered. 
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202. If we enlarge the object-glass of the micrascopc an 
remove the object lo a great distance, we shall have a refracti 
telescope, which, like the microscope, may be composed of tw 
three, or a greater number of glasses. Biti the first lens A„ 
ing no longer of very small dimensions, may be formed of t 
achromatic assemblage of several glasses in contact with eat 
other, which will give the same focal distance for all the coloi 
ed images produced by it. These images will, in reality, I 
separated from each otticr, in traversing the eye-glasses to arrfr 
at the eye. But besides that this aeparalion will be very 9ma| 
in consequence of the short distance through which they n 
the effect will become altogether insensible, if the eye-glasa 
are combined in conformity lo the principles laid dow 
preceding section; for then, the coloured images which a 
senled to the eye, being very close to each other, will, at t 
same time, have dimensions proportional to their distances, 
that the achromatic effect will appear perfect. According 
this arrangement is generally practised. 

203. The first and most simple kind of telescope i 
called nslronomkal. It is represented in figure 127. The objeR 
glass A,, is a convrging lens, and it must always be such,! 
order to throw the image on the posterior side towards thee; 
The eye-glass A^ is also a converging lens, and the last imaj 
/j <pj is inverted. 

This disposition is exactly similar to that of the micr(»cop 
with two glasses, except with respect to the diameter of the o 
ject-glass A , . Hence result larger pencils and a more conside 
Fig. 121. able accumulation of light. But if we consider the axes of thea 
pencils, which enter through the centre of the object glass, the 
course is absolutely the same, and accordingly the conditio 
which they must fulfil, in order to produce in the eye distiai 
vision, wilt be the same as before ; only, as the object 
now very remote from the object-glass, the image is forme 
behind it at nearly the same invariable distance, which is th{ 
of its principal focus. Moreover, since its distance 'from i 
15 so great that we cannot have a distinct idea of it, while t 
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tjifiiance of the last image from the eye is so small as to admit 
of no comparison with the other, the enlargement is no lon- 
ger measured by the actual ratio that exists between the size 
of the object and that of its image, but by the ratio of the visual 
angles SA^^^f^ 0^1^ which the object and the image respect- 
ively subtend at the eye. . If the instrument is composed of 
only two glasses, this ratio is sensibly equal to the focal distance 
of the object-glass, divided by the focal distance of the eye-glass, 
at least when this last may be considered as very small com- 
pared with the distance of distinct vision. Such accordingly 
will be the value of the magnifying power. But here, as in the 
microscope, we hardly ever employ the simple eye-glass, on 
acc^ant of the colour which it produces on the borders of the 
\t^i image f^ 9,, even when the object glass is achromatic. If 
ibe instrument is intended for astronomical observations, where 
distinctness of image and abundance of light, are the only essen- 
tial conditions, we employ the compound eye-glass of Ramsden, 
or that of Campani. These do not give the image erect ; but 
this is not important in astronomical observations. 

304. The same cannot be said with respect to telescopes in- 
tended for terrestrial objects. Here it is essential that the last 
image, situated near the eye, should represent objects erect. 
This purpose is effected by making the eye-glass to consist of 
four separate lenses, of which the two first A^^ ^3, nearest the pig. 12s. 
object-glass A^^ are intended simply to render the image erect, 
while the two last A^^ A^^ situated near the eye, complete 
the achromatic effect upon the borders, and have also the same 
ratio to each other, as those in the eyC'^lass of Ramsden or 
Campani. The magnifying power of the telescope depends 
upon the foci of these five glasses and their intervals asunder. 
Now, if we give to the two last, situated next the eye, the di^ 
tances which are necessary for rendering the borders colourless, 
we can still vary the positions of the rest within certain limits, 
without the instrument failing to perform well. But the magnify- 
ing power will vary, and we can, by this single movement, cause 
it to pass through all its degrees. M. Cauchoix has effected this 
in his terrestrial telescopes, which he has called for this reason 
polyaliu They thus give at pleasure, a feeble or a great magni- 
fying power, which b often very advantageous, the first being 
more c^venient ia case of a fog, and the second in clear weather. 
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Telescopes thus disposed and intended to be portable, vary 
ihcir magnifying power from twenty to forty times, or fipom 
thirty to fifty times. The magnifying power of the e;reatest as- 
tronomical telescope hitherto known, amounts to 1000 or ISOO 
times, this estimate, like the preceding, being applied to the 
diameters of the objects. But we do not adapt to these instm- 
meuts the polyalde apparatus, because the multiplicity of reflec- 
tions from the glasses would weaken the light too much ; and 
when we wish to alter the magnifying power, we do it by chang- 
ing the eye-glass. 

205. There are also telescopes in which the object'^lass, 

always converging, is combined with a simple eye-glass, but 

Fig. 129. diverging. This arrangement, invented by Galileo, is still made 

use of in opera-glasses. It causes the objects to be seen erect. 

In this case, the first image/, ^,, given by the object-glass ^,, 
is not actually formed, although in estimating the results, we 
must consider it as really existing. Before the focus P,, where 
it ought to be produced, we place the diverging eye-glaaa idf,, at 
such a distance that the convergent pencils, tending towards the 
points/,, 9) 1, may be changed to divergent pencils, departing from 
other points /,i 9>sf situated before the eye-glass, and at a dis- 
tance equal to that of distinct vision. These points form then 
the last image, or that which the eye perceives. The deviation 
produced by the eye-glass in the axes of the pencils which com- 
pose this image, makes it erect, because their directions cut each 
other before reachuig the eye. But for this very reasoni the 
eye cannot be placed at the point of meeting O, which falls in 
the interior of the tube ; but, foregoing this favourable position, 
it must be placed somewhere without, in the axis of the glasses, 
at Cy, for example, where it receives only the divergent portion 
of each pencil, which passes, in this place, su£Sciently near the 
axis A^X^ to be able to enter the pupil of the eye. It follows 
from this disposition, that in proportion as the eye is removed 
from the point of meeting O, a greater number of pencils, diverg- 
ing beyond the space embraced by the pupil, escape it entirely ; 
and as this disappearance necessarily commences with those 
which are most distant from the axis, and which form the bor- 
ders of the image, it follows that the field of view is diminished 
in proportion as the eye is removed. Accordingly, the position, 
of the eye which is the nearest possible to the eye-glass, is thaC:^ 
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which gives the greatest field of view. Notwithstanding these 
inconveniences, the use of diverging eye lenses in opera-glasses 
has two advantages; one is, that it makes the object appear 
erect; and the other, that it shortens the total length of the 
instrument, by being placed within the focus of the object-glass, 
whereas converging eye-glasses lengthen it, by being placed 
without. We accordingly employ in these glasses, only a simple 
eye-lens, although it inevitably produces colour, even when the 
object-glass is achromatic ; because, being intended to be used in 
the evening, in places where the degree of illumination is less 
than daylight, the colours which are developed, when the instru- 
ment is well made, are not very vivid, especially if we take care 
to place the pupil in the axis ; we should, moreover, weaken the 
light too much, if we made use of eye-glasses composed of sev 
eral lenses. 



Instruments which consist of a Combination of Mirrors and Spherical 

Lenses. 

206. Catoptric instruments of whatever kind consist of mirrors 
either concave or convex, arranged in such a manner as to give, 
by reflection, distinct images of objects, which are observed by 
means of a simple or compound eye-glass. Both telescopes and 
microscopes may be made in this way ; but we shall here consider 
only the former, the latter being no longer in use ; and we shall 
confine ourselves to the illustration of the most common case, in 
which the distance of the object may be considered as infinite. 
It will easily be perceived that the method must be the same in 
all other cases. 

The simplest of all reflecting telescopes is that which is repre- 
sented in figure 130. It is formed with a single concave mirror 
MM, which, receiving the rays from a distant object iSs, 
forms with them, at its focus, an image /i 9>,5 which we look at 
through an eye-glass for the purpose of magnifying it. But in 
this case, the observer being interposed between the mirror and 
the object, necessarily interrupts a part of the incident rays ; on 
this account, we cannot employ such an arrangement, except with 
very large mirrors ; and to prevent as much as possible the loss 
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of light, w^ (li''^^' the axis of the insirumcnt a little ofaliquelj 
with respect to the object, in order that the image may be itxm- 
cd witlioiit ihc axis, and ihe top of the head only intervene. 
Then, if the mirror be very large, the loss of light will be .small, 
compared with that whicii more miiltiplied reflections and re- 
fractions would occasion. Sir William Herschel constructed, in 
this manner, a large telescope of forty feet focus, with which he 
made a number of discoveries. There was a similar one at tl 
observatory of Lilienlhal, in the hands of M. Schroeter. Ti 
trouble of moving such large instruments makes it very difficii 
lo use them. 

207. Nest to the form above described, Ihe moat simple is tl 
Pig. 131. one invented by Newton. It consists in placing in the interti 

of the telescope, and near its principal focus f ,, a small pi 
mirror m m, inclined lo ihe axis at an angle of 45°, and of dimei 
sions just sufficient to receive all the reflected rays. This mirn 
changes the direction of the rays, but in changing them, doi 
not at all alter their convergence. It only throws the focus in 
direction perpendicular to the axis, and at the same distaot 
from the point where the mirror cuts the axis, at which it would I 
if formed in ils prolongation. Opposite lo this new direction, m 
make a lateral opening in the tube of the telescope, in order tha 
the rays may emerge, and we look at the image through a sim 
pic or compound eye-glass. This arrangement prevents ihi 
direct interposition of the observer, and allows us to emploj 
mirrors of all dimensions. But it occasions a considerable Ios|kJ 
of light by the second reflection which it requires, especi^ljp 
since the rcQeciion takes place Q-om a metallic surface, wfaow 
absorbing power is always very great. Accordingly, in tel 
scopes of this kind constructed by Newlon himself, in order 
change the direction of the image, he made use of total ioterii 

lection, at the second surface of a rectangular glass prisma 
so situated in the telescope, that one of the sides containing the 
right angle, should be perpendicular to the axis of the telescope, 
as represented in figure 132. 

208. The position of the observer at the side of the telescope ts 
inconvenient, when he is seeking, with ihe telescope, any of tb^, 
heavenly bodies. It is much better when in the direction ofllM 

of the instrument. This purpose is effected by the construc- 
tion of Gregory, represented in figure 133. ll consists in substi- 
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kiting for the plane mirror, a small concave mirror mm^ which re- 
flects the rays coming from the large mirror, and sends them 
towards its centre, where an opening is made for their passage. 
Then a second image of the object is formed behind this opening, 
at the compound focus of the two mirrors, which is viewed through 
an eje-glass placed in the axis. If we suppose the incident rays 
parallel, the first image will be formed at F^, the principal focus 
of the large mirror, and will take the place of an object with 
respect to the second. Accordingly, from what has been laid ^^• 
down, it follows that the first image must be situated between 
the centre of curvature and the principal focus of the second 
mirror, in order that the second image may be thrown beyond 
the first, towards the observer. 

209. Cassegrain further modified this construction, by substi* 
luting in place of the small concave mirror, a small convex mir- 
ror m m, in order that the aberrations of sphericity produced Fig. 134. 
by the two mirrors, might mutually compensate each other. In 

this case, that the second image may be formed on the side 
of the observer, it is necessary that the first should not be ac- 
tually formed ; but that its imaginary place should fall beyond 
the small mirror, between its surface and the principal focus. 
This result which was not considered in article 15, because it 
supposes the incident rays convergent towards the mirror, is 
easily deooonstrated by the general method of article 1 3. 

210. In figures 130, 131, 133, and 134, for the sake of sim- 
plicity, we have only represented a simple eye-glass. But, it is in 
fact necessary, in order to render the last image colourless, that 
the eye-glass should consist of two lenses, arranged according to 
the principles laid down in articles 200, 201. We have also 
been obliged, in the figures, to increase very much the true 
dimensions of the eye-glass, compared with those of the mirror 
JtOf, that we might be able to represent the mass of rays and 
succession of images, in a conspicuous manner. 

It is hardly necessary to remark, that in these telescopes, the 
mirrors are firmly fixed in the astis of a tube, sufficiently long to 
permit only those rays which are nearly perpendicular, to fidl 
upon them. Indeed, we often contract this opening by means of 
diaphragms, for the express purpose of interrupting those tays 
which would fall on the borders of the mirror, this being never so 
well executed as the centre. The tubes ought to be blackened on 
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ihe inside, like those of refracling telescopes, for the better ab- 
sorption of the light irregularly reflected from their sides. In fine, 
they must be niountcd in such a manner that they may be. 
directed at pleasure, towards the different points of space. 



Meikod of M. Arago for determining the Magnifyijig Powi 
Optical Itntruments. 

211. It has already been observed, that in instruments intend- 
ed for viewing distant objects, the magnifying power is equal tt 
the ratio of the visual angles, under which the same object iS 
seen with the naked eye, and through the system of glasses d 
which the instrument is composed, if the object is sufiicienllj 
near the eye (o allow its distance, in these two case 
compared, it is necessary to combine the ratio of the visual am 
glcs with the ratio of the real and apparent distances of the 
object, in order to deduce the ratio of its real and apparent^ 
magnitudes, both taken at the distance of distinct vision. 

The process of M, Arago gives immediately (he ratio of the 
visual angles. For this purpose, we take a double prism of rock"* 
crystal, similar to those whose construction is represented in fip' 
■urc 92, and which serve for double-image micrometers. We 
measure the angle O c E or C, at which it divides the lighL This 
can be done in a very simple manner, as we shall st 
We next place the double prism behind the eye-glass of the i* 
strument undei' examination, which we first suppose to be eitb? 
a reflecting or refracting telescope. If we view, through th 
system, a distant circular object, of a known diameter, we sba 
see it double, and in general its two images will be separate 
from each other. Then we remove it further or bring it neai 
until these two images touch each other by their opposite edg 
When this takes place, we know that the rays proceeding fronl 
the borders of this, object, after having traversed the instrument, 
emerge from it, making with each other an angle precisely equal 
to C. Now, since we know the diameter Jl/ of the^objecl, and 
its distance which we call A, we can easily calculate the visual 
angle o, under which the same rays cross each other at their 




J 
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incidence upon the first glass ; for -- expresses its trigonotnetri- Trig. so. 

C 

cal tanojent. The ratio of these andes or — , will therefore ex- 

press the magnifying power of the instrument. 

Now, in order to determine exactly the angle C, we can view 
the object through the double prism alone, and carry it farther 
off or bring it nearer, until its two images appear to touch each 
other. Then, from the known diameter of the object and its Fig. 135. 
distance, we can calculate the visual angle which it subtends, 
and this will be the value of C. But M. Arago rendered this 
observation more exact by viewing the two images through a 
small telescope, before which, in contact with the object-glass, was 
placed the double prism which gave more distinctness without 
altering the coincidence of the images. Moreover, instead of a 
single object, he substituted several of different diameters, at the 
same distance, and even gave them a triangular form, in order to 
be able, without displacing them, to choose, in each experiment, 
the visual angle suited to the double prism, whose amplitude he 
wished to determine. 

212. The method of M. Arago may be applied also to the mi- 
croscope, under all the different forms of the eye-glass. Only the 
observation through the instrument, must be made upon an ob- 
ject very near and divided into small portions, like the object- 
glass micrometer, for example, already described. When we 193. 
have placed this micrometer before the object lens, at a conven- ^ig, 136. 
ient distance for seeing distinctly through the eye-glass, the image 
the dimensions of which are traced upon it, we place the double 
prism between the eye-glass and the eye ; and directing the 
double refraction perpendicularly to the series RR of marks 
traced upon the glass, we count the number RR\ of divisions, 
embraced by the divergence of the two rays. Suppose it equal 
to m lines. This then will be the real magnitude of the object, 
which, being seen through the instrument, and brought by it to 
the distance D, of distinct vision, subtends at the eye the constant 
angle C ; its apparent magnitude, as it is seen through the instru- 
ment, will therefore be equal to the distance D, multiplied by the 
trigonometrical tangent of the angle C ; that is, equal to D tang. 

DC 

C ; an expression which may be reduced to , if we sup- Topii4s. 
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59. pose the angle A converted inlo seconds. It only remains, theo^i 
to divide this apparent magniLuiie by the real magnitude m of thefl 
61, 62. ohject, as in the case of a simple magnifying glass, and the quoiieotv 
- . - ■ — will express the magnifying power. It Is hardly n 

cessary to remark, that the distances D and m must be expresse 
in units of the same kind. 



Inatrwnents employed m (^ikal Experiments. 



213. After having described the instruments which ser?ett 
enlarge the power of vision, it is proper to say a word concern- 
ing certain other kinds of optical apparatus, remarkable for tie 
beauty or singularity of their effects. 



Camera Obscuru. 



A CONVERGING object-glass adjusted to the shutter of a darkg 
room, will concentrate the rays which come from external ol^ J 
jects ; and if these objects arc very distant, compared with tie J 
focal distance of the glass, and situated nearly in the direction eCj 
its axis, it will give distinct images which may be received upoa>| 
a white screen. These images are inverted ; but in order to n 
der them erect, it is sufficient to bring to the object-glass, instead 1 
of the direct light of the object, that of the image, already re- J 

7. fleeted and inverted by a metallic mirror MM. This apparatui J 
is called a camirtt obscura. We may substitute for the screen % 
plate of ground glass ; and for the room, a box fitted by mea 

g_ of a curtain to receive the head. It can then be transport^ 
with ease, for the purpose of landscape painting. 

Dr Wollaslon has remarked, that the best form for the object- 
glass of a camera obscura, is that of a meniscus convex towards 
the image, and concave towards the object, as represented in -> 
the figure. And some fortunate experiments, made by Cauchoi 
seem to indicate that the ratio of curvatures the most favourabIe,.3 
is that of 5 to 8. The shortest of the two curvatures belongs fi 
the surface turned towards the image, because the lens must bt& 
converging. 



Megascapu 



Megascope. 



214. Here, as in ihc preceding case, an objecl-glass is adjust- 
ed to a window shutter ; hut, inatcad of causing it to produce the 
images of distant objects, we place witbout the room, at a small 
distance, in the direction of the axis an object strongly illuminated 
bj the light of the sun, cither direclly op by reflection from sev- 
eral mirrors. If this object is not one of too great dimensions, a 
distinct image will be formed in the room, the distance and magni- 
tude of which will depend u|H)n the focal distance of the object- 
glass, and the distance at which the object is placed hcfwe it. In 
proportion, therefore, as we bring the object nearer to the princi- 
pal focus, we can obtain larger images ; but as these will also be 
thrown at a greater distance, wo must be guided in this respect 
by the dimensions of the room, and must limit ourselves to such 
distances as will give images sufficiently magnified and at the 
same time well defined. The images will appear inverted, but may 
be made erect by invcrling the object. Such is the megascope. 
Instead of a single object-glass, we may employ several cotnbin- Fig. 139, 
ed, so as to become achromatic. Then the limits within which 

the images are distinct, are sufficiently great to enable ua to form, 
JQ this manner, magnified or reduced representations of pictures 
and statues, or even of natural figures, M.'Charlcs, who invent- 
ed this instrument, contrived to magnify objects from 2 to 20 
liQies. In this state, it may be very usefully employed in nu- 
merous researches relating to natural philosophy and natural 
history, where it is necessary to determine with precision the 
forms and oudines of objects whose smallness or delicate texture 
prevents their being measured directly. In (his case, we receive 
the image on a plate of ground glass, and sketch the outlines on 
the opposite surface of the glass or on transparent paper applied 
to this surface. This process, although graphic, is susceptible 
of very great accuracy. 

21 5. The magic lanlcm is simply a portable megascope, in which 
transparent objects are illuminated by the light of on( 
lamps. The term phantasmagoria, or the raising of spectres, has 
been given to the exhibition of an optical apparatus, similar to the 
magic lantern, in which the diiitance of the object from the con- 
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ferences; and be placed the body in ihe divergent cone formed 
by this Ijeam, cither permilling all the rays to pass, or when 
he wisi.edio operate with liomogeneutis light, raiising ihe beam to 
pasB through a glass which tratismiiiedonly the red rays. Then, 
in$t«ad of rereiving Ihe diftracird slriies upon ground glass, he 
received them immrdiately upon the eye, thus preserving much 
more of the brilliancy. Lastly, in oi'der lo join lo this mode of ot 
servalion a mean^ of measurenienl, he ajiplird icheeye a magni- 
fier fixpd upon a firm foot, and adapted lo move horizontally, by 
means of n screw, along a scale divided into equal pans. Thui 
he was able to bring the axis of this magnifier surcrssively b( 
fore each bright or dark stripe; and he fised precisely th 
posiiion of this stripe, by referring it to a very fine wire exienda 
before the ghiss exactly at its focus. In this manner he was aW 
' to nieaanrc upon the srale of etiiia! parts, the intervals of th 
stripes, by knowing the dismnce through which the wire paRH« 
to apply ifscif lo each of Iheni; and ihis method is so exact I^ 
none of the most minnte circumstances of the phenomenH cfl 
escape observation ; and hence nothing was wanting in order .1 
dciprmine Ihe physical laws of these phenomena. 

According to a vrry ingenious remark of Dr Young, ill 
naiure and arrangement of thf. stripes may always be repn 
Bented with a very near approximation, hy supposing thai tb 
light which falls upon the borders of the bodies interposed, darl 
off radiating in all directions from these borders, and inlerferHf 
either wilh iiself or with the light which continues lo be Irani 
niitled directly. 

Lei us lake, for example, ihpcase where the body interposedi 
the luminous cone, is a simple opaque lamina v, ilh rectilinear bo| 
ders. We have seen ih^il in this case two systems of fringes at 
formed, one exterior wilh respect lo the shade of the lamina, aai 
the other inlci'ior. According lo Dr Young, the interior are fonj 
ed hy ihe miiiual inierference of the luminous beams which prf 
ceed from the opposite Viorders of ihe plate, by virtue of radial 
rellcction. Indeed these two portions of light arc precisely in lb 
same situation as the two luminous poiiiis reflecied in the ex] 
ment ivith ihe mirrors ; also the disposition of the interior stripe^ 
whether luminous or obscure, as well as the ratios of theit 
intervals, are absolutely similar. If we conceive the scries 
points in space where the same kind of inierference is produced 
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at different distances behind the lamina, which gives the success 
$ive places where the same stripe appears, we shall find that 
these points are sensibly in a straight line ; and their intervals 
when measured, are exactly conformable to what the calculation 
of the interferences indicates. 

323- With respect to the exterior stripes, we may consider 
them as formed by the interference of the light directly trans* 
niitted with the light radiated by each border ; but here, as in 
the case of the reflected rings, we must suppose the loss of an 
interval equal to ^/. We thus find that the successive positions 
in which each stripe ought to appear, for the different distances, 
are not in the same straight line, but in hyperbolic curves 
of the second degree ; and this is perfectly confirmed by experi- 
ment. We must not infer from this, that in diffraction the mo- 
tion of light is not rectilinear, for it is not the same ray of light 
which forms the stripe of the same order at different distances ; 
and the rays alone are subjected to rectilinear motion. The 
change of ray at different distances may be inferred from 
this simply, that we can view the stripes in spa e, either with 
the naked eye or with a magnifier; for it is necessary that 
the rays which form them should converge and afterwards sepa- 
rate, in order that the magnifier may be able to receive them, 
and give a sensible image of their point of meeting. 

In the case where the diffracted stripes are formed by the 
passage of a luminous beam between two plates with rectilinear 
borders, we may with a very near approximation, attribute them 
to the interference of the two portions of light which fall upon 
the opposite borders of these plates. 

Nevertheless, there are several physical peculiarities of the 
phenomenon, which are not easily reconciled with this hypothe- 
sis* IMl. Fresnel has even shown that the measures of the stripes 
are not completely explained when they are taken with extreme 
precision. He has found that the feeble portion of light, capable 
of being reflected by the borders of bodies, is not sufficient to 
produce the intensities of the observed stripes, and that we must 
8U(^fX)se the concurrence of rays which pass exteriorly to the 
sphere of contact of these borders. Accordingly, he considers 
all the parts of the direct luminous undulation, as so many cen- 
tres of distinct agitations, the effects of which must extend sphe- 
rically 1^ ail points of space to which they can be propa» 
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gated ; after which, for each of these points the definitive effect 
must result from the interferences of all the partial agitations 
which reach it. If this supposition be applied to the free propa* 
gation of a spherical wave, in a homogeneous medium, it gives 
a diminution of light reciprocally proportional to the square of 
the distance, agreeably to observation. But when a part of the 
wave is intercepted, it indicates in the different points of space 
to which it is afterwards propagated, alternations of shade and 
light, which agree minutely in their disp)osition and intensity, 
with what we observe in the diffracted stripes. This principle 
has enabled M. Fresnel to comprehend, with extraordinary pre* 
cision, all the cases of diffraction, and to unite them in formulas 
which express under all circumstances their mutual dependance. 
But the exposition of these nice results would lead us beyond 
the design of an elementary work. While we admit all that is 
established in this case by experiment, it must be allowed that 
the theoretical deductions from the principle of partial agitations, 
as explained by M. Fresnel, has been called in question by ge- 
ometers of the highest authority, particularly by M. Poisson. 
Sec Annates de Chimie et de Physique^ for 1823. 

324. 1 will here add the enunciation of a singular phenomenon, 
which is easily explained on the principle of interferences. 
When a narrow and opaque lamina forms interior fringes with 
respect to its shadow, these fringes may be made to disappear, 
by placing an opaque screen in contact with one of the borders, 
or interposing it to a certain degree in the luminous rays, either 
before or behind the opaque lamina. This phenomenon was dis- 
covered by Dr Young. M. Arago has added the circumstance, 
that the disappearance may be effected in like manner by the 
approach of a transparent screen sufficiently thick, and that it is 
progressive according to the thickness ; so that thin screens 
at first only transfer the fringes from the side where they are 
found. It is remarkable that the quantity of this transference 
may be calculated according to the laws of interferences, when 
we know the thickness and refracting power of the plate. If two 
screens are placed on the two sides of the opaque lamina, the 
effect is equal to the difference of the transferences which each 
of them would have produced separately. MM. Arago and 
Fresnel have made use of this process in measuring the refra|:t- 
ing power of gaseous substances, and it has been attended with 
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a precision of which no other method is capable. Sec Annates 
de Chimie et de Physique^ for 1816 and 1817. 

325. The principle of interferences is as yet the only one by 
which we have been able to explain the peculiarities of diffrac- 
tion ; and in this particular the phenomenon favours the theory of 
undulations. Nevertheless, if we examine carefully the details 
of the explanation, we shall find it to be rather a representation 
of the phenomenon, than a rigorous mechanical theory of it. 
It were a great desideratum, therefore, to account for this phe- 
nomenon upon the principles of the materiality of light, which 
have hitherto given us such clear ideas and such precise meas- 
ures as to so many of its ofher motions. It would be necessary 
to determine the kind of forces which the particles of bodies ex- 
ert upon the particles of light, in order to inflect them as they are 
inflected in the diffracted stripes, and to do this independently of 
the chemical nature of these bodies, and simply according to the 
form of the borders which terminate them. But this appears to 
be very difficult ; and it is probable that if such forces exist, they 
are of a different character from any which is presented by the 
ordinary phenomena of refraction and reflection. 
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read by means of the index how slight a movement of the screw \s 
necessary for this change^ it will appear traly astonishing. 

From what has been said; we may determine whether a glass sur- 
face supposed to be plane is really so ; for when the screw of the 
spheromcter has been brought just into contact on one part of this 
surface, we have only to transfer the instrument to the other parts of 
the glass without touching the screw, and we shall see if the contact 
still continues with the same precision. 

Let us suppose this condition satisfied. If then we slide between 
the glass plane and the point of the screw, a plate with parallel faces, 
however thin we suppose it, it is evident that the spherometer^ will 
jostle. The quantity by which it is necessary to turn the screw lo 
restore the contact will determine the thickness of the plate inter- 
posed. But the pressure of the screw upon the plate in this opera- 
tion, might break it if it were very thin, or at l^i^ niig||t mar its 
surface if it were susceptible of indentation. Ti> avoid this, thf 
plate must not be inserted directly under the screw. We should 
first place the screw upon a fragment of plane glass with parallel 
faces, whose equality of thickness has been previously verified by 
the spherometer. This fragment being placed upon the principal 
glass plane, we bring the screw into exac( contact with the upper 
surface, the three other points resting on the puincipftl.plfnei then 
we introduce between this last and the fragment, the plate which 
we wish to measure. After this interposition the spherometer will 
jostle, and the contact is restored by turning the screw ; the dbtance 
through which the screw moves, marked by the index, will indicate 
the thickness sought ; and this will be done without the slightest 
risk, however fragile or thin the plate may be. 



II. 

Polarisation of Light, 

The polarisation of light is a property discovered by Mains, which 
consists in certain affections that the rays of light assume on being 
reflected by polished surfaces, or refracted by these same surfaces, 
or transmitted through substances possessing double refraction. 

Though it would be impossible here to give a complete exposition 
of the details of these phenomena, we will at least describe some of 
the experiments by which they may be exhibited. 

The first and principal of these consists in giving to light a modifi- 
cation, such that the rays composing a pencil will aU escape reflec- 
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lion when they fall on a reflecting surface under certain circum 
stances. 

As an instance^ suppose a beam of solar light SI to fall on the first 
surface LL of a plate of glass, smooth but not silvered, making with Fig. 166. 
the surface an angle of 35^ 25' ; it will be reflected in the direction 
ITy making the angle of reflection equal to that of incidence. Let it 
then be received on another plate of glass, smooth but unsilvered, 
like the former ; generally speaking it will be again reflected with a 
partial loss. But the reflection will cease altogether if the second 
glass be placed like the first, at an angle of 35° 25' to the line IT, 
provided also it be so turned that the second reflection shall take 
place in a plane IFU perpendicular to that of the first, SIL, 

In order to make this disposition of the glasses more clearly intel- 
ligible, we may imagine that IT is a vertical line, that IS is directed 
ftorth and south, and I'L east and west. 

Before we enter upon the inferences to be drawn from this re- 
markable experiment, I will make a few observations on the manner 
of performing it. 

Many kinds of apparatus may be devised to attain this end. A 
very convenient one fs represented in figure 167. It is very sim- 
ple, atad Is scrHcienlt Tor all experiments on polarisation. It con- 
sists of a tube TT, to the ends of which are fixed two collars which 
turn with sufficient friction to keep them fast in any position. Each 
of them bears a circular division which marks degrees. From two 
opposite points of their circumference proceed two brass stems TF, 
T' Vj parallel to the axis of the tube, and between them is suspended 
a brass ring AAj which may be turned about an axis XX perpendicular 
to the common direction of the stems. The motion of the ring is like- 
wise measured by a circular graduation, and it may be confined in 
any. position by screws. When a plate of glass is to be exposed to 
the light, it must be fixed on the surface of the ring; then it may 
be placed in any situation whatever with respect to the rays of light 
which pass through the tube ; for the collar, turning circularly round 
the tube, brings the reflecting plane into all possible directions, pre- 
serving a constant inclination to the axis, and this inclination may be 
varied by means of the proper motion of the ring round its axis XX. 
The graduated circle which regulates this motion should mark zero 
when the plane of the ring is perpendicular to the axis of the tube, 
and the divisions on the two collars should have their zeros on the 
same straight line parallel to the axis. In constructing the apparatus 
one should take care that these conditions are fulfilled ; but it is of 
no great consequence that they be so exactly, as any error may be 
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compensated by repeating each observation on both sides of the 
axiSy and taking the mean of the numbers of degrees found in the tiK> 
opposite positions. 

If it be desired; for instance, to repeat Malus's experiment describ- 
ed above^ a plate of glass must be placed on each ring, and they 
must be disposed so as to be inclined to the axis at angles of 35® 25'. 
Then the graduated circle of one of the collars must be brought to 
mark zero, and the other 90®, that the planes of reflection may be 
perpendicular to each other. The tube must then be secured, and a 
candle placed at some distance in such a position that its rays may 
be reflected by the glass along the axis TV. This will happen whea 
on looking through the tube the reflection of the candle is seen in 
the first glass. Every thing being thus arranged, the reflected rays 
will meet the second glass at the same angle of 3d® 25' ; then ao 
cording to- the diflerent positions given to the collar TV which car- 
ries this glass, the light proceeding from the second ^reflection will be 
more or less intense, and there will be two particular positions in 
which there will be no reflection at all, of those at least which 
are specularly reflected by the first glass. Care must be taken to 
put a dark object behind the glass L'L' on the side opposite to the 
reflected light, in order to intercept the extraneous rays which might 
be sent on this side from exterior objects, and which, passing through 
the glass, and arriving at the eye, would mix with the reflected 
rays that arc the subject of the observation. The same precautioa 
should be taken for the glass LL ; and indeed as this is never used 
except to reflect light at its first surface, the back of it may be black- 
ened once for all with India ink, or smoked with a lamp ; it would 
not do to silver it for a reason that will be given hereafter. 

For the light of the candle mentioned above may be substituted 
that coming from the atmosphere, which may be received into the 
tube when reflected by the first glass Lh ; but in this case to pre- 
serve to the rays the precise inclination required for the phenome- 
non, the field of the tube should be limited by some diaphragms with 
very small apertures placed within it. The first glass should be 
blackened or smoked as before mentioned to intercept any rays that 
might come by refraction from objects situated under it. In this 
manner, on looking through the tube, when the glass LL is turned 
towards the sky a small brilliant white speck will be seen, on which 
all the experiments may be made. The perfect whiteness of this 
spot is a great advantage ; it is an indispensable qualification in many 
cases, where diflerent tints are to be observed and compared ; it is 
impossible to succeed as well with the flame of a candle or any other 
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inflamed substaoce, as none of these flames are perfectly white. 
Lastly^ the brightness of the incident light must be modified, so that 
the portion irregularly reflected by the two glasses may not be sensi* 
ble ; for this portion, being after such reflection in the state of radi« 
ant light, cannot be polarised in one single direction ; the other part 
which is regularly reflected, alone undergoes polarisation, and there- 
fore alone escapes reflection at the second glass. 

Whatever be the nature of the apparatus employed, the process 
will always be the same, and the same phenomena of reflection will 
be observed on the second glass. To exhibit them in a methodical 
manner, which will allow us easily to take them all in at one view, 
we will suppose, as above, that SIL the plane of incidence of the 
light on the first glass coincides with that of the meridian, and that 
the reflected ray IF is vertical. Then if the collar TT which bears 
the second glass be turned round, this glass will also turn the reflect- 
ed ray, making continually the same angle with it, and the second re- 
flection will be directed successively to all the difierent points of the 
horizon ; this being premised, the phenomena that will be observed 
are as follows ; 

When the second or lower glass is so placed that the second re- 
flection shall take place in the plane of the meridian like the first, 
the intensity of the light, finally reflected, is at its maximum. As this 
glass is turned round it reflects less and less of the light thrown on it. 

Finally, when the lower glass faces the east or west point, all 
the light passes through it, without being reflected at either sur- 
face. 

If the collar be turned still farther round, the same phenomena 
recur in an inverse order, that is, the intensity of the light reflected 
increases according to the same degrees by which it before diminished, 
and attains the same maximum state when directed towards the me- 
ridian, and so on through the whole circle. 

It appears then, that during a whole revolution of the glass the 
intensity of the reflected light has two maxima answering to the a«i- 
muihs and 180^, and two minima answering to 90^ and 270^. 
Moreover, the variations are altogether similar, on difierent sides of 
these positions. These conditions will be coinpletely satisfied by 
supposung, as Mains does, that the intensity varies as the square of the 
cosine of the angle between the first and second planes of reflection. 

The results of this interesting observation being thus collected into 
one point of view, we may draw this general conclusion from them, 
that a ray reflected by the first surface is not reflected by the second 
(under a particular incidence), when it presents its east or west side 
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to the surface^ but that in all other positions it is more or less re- 
flected. Now if light be an emission^ a ray of light can be noth- 
ing else but the rapid succession of a series of particles^ and the 
sides of it are only the difierent sides of these particles. We must 
therefore necessarily conclude that these have faces endued with 
different physical properties^ and that, in the present case, the first 
reflection turns towards the same point of space, faces, if not similar, 
at least endued with similar properties. This arrangement of the 
particles Malus denominated the polarisation of lightj assimulating 
the operation of the first glass to that of a magnet which turns the 
polos of a number of needles all in the same direction. 

Hitherto we have supposed that the incident and reflected rays 
made angles of 35^ 25' with the glasses; it is indeed only under that 
angle that the phenomenon takes place completely. If while the 
first glass remains fixed, the inclination of the second to the ray be 
ever so little altered, it will be found that the second reflection will 
not be entirely destroyed in any position, though it will still be at a 
minimum in the east and west plane. If again, the inclination of the 
ray to the second glass being preserved, that on the first be changed, 
it will be seen that the ray will never pass entirely through the 
second glass, but the partial reflections which take place at its sur- 
faces arc at a minimum in the above mentioned position. 

Similar phenomena may be produced by means of most trans- 
parent substances besides glass. The two planes of reflection must 
always bo at right angles, but the angle of incidence varies with the 
substance. According as tlic refracting power of this is greater or 
less than that of the ambient medium, the angle of polarisation, 
measured from the surface, is greater or less than half a right angle. 
We have seen that for glass this angle is 35^ 25' ; for sulphate of 
barytcs it is only 32"^, and for diamond only 23^. If glass plates be 
placed in essential oil of turpentine which has a refracting power 
almost exactly equal to that of glass, the angle of polarisation will be 
found to difler very little indeed from 45®. The reflection at the 
second surface is supposed to take place on the ambient medium 
which bounds the glass. In general, according to an ingenious re- 
mark of Dr Brewster, the angle of polarisation is characterized by 
the reflected ray being perpendicular to the refracted. The angles 
calculated on this hypothesis agree singularly well with experiment, 
and also confirm the rule given above for the diflerent magnitudes of 
these angles, as will easily appear from figures 168, l69j and 170, in 
which the refracting power is supposed to be respectively greater 
than unity, equal to unity, and less than unity. 
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This law applies equally well to substances which, like the dia- 
iliond and sulphur, never produce more than an incomplete polarisa- 
tion, for the quantity of light reflected is invariably a minimum for 
the angle so determined. 

If the mode of observation which we have applied to smooth glass 
plates be universally employed, it may serve to show that polarisa- 
tion, when complete, is always a modificiatiou exactly of the same kind, 
for all substances ; for when a beam of light has been once polarised, 
it will equally pass through all substances, with the exception men-r 
tioned above, provided each be presented to it under its proper an-: 
gle, and whatever be the nature of the first or second substance em- 
ployed, the variation or' intensity in the light, after the second reflec- 
tion, is always subject to the same laws. 

To represent these circumstances geometrically, let us consider a 
ray IF polarised by reflection on a glass plate LL, and through any pi„ i^ 
one of the particles composing it, let there be drawn three rectan- 
gular axes cZf cxj c j/y the first coinciding with the ray, the second 
in the plane of reflection SIC^ the third perpendicular to both the 
others. Then when the ray 11' meets a second glass UL', placed so 
as to produce no reflection, the reflecting forces which emanate per- 
pendicularly from the glass, must be perpendicular to the axis c x ; 
moreover they must act equally on particles lying towards c ir, and 
c x', for if the glass be turned a little from the position of no reflec- 
tioDy the eflects are found to be symmetrical on each side of that posi- 
tion. The action, therefore, of these reflecting forces, under this inci- 
dence, cannot Jniake the axis x ex' turn either to the right or left, any 
more than the force of gravity can turn a horizontal lever with equal 
arms. They cannot bring the axis into their own plane, in which we 
see it was in the first reflection, by which the polarisation took place 
on the glass LL This proves that it is on that axis that the proper- 
ties of the luminous particles depend. We shall for this reason call 
it the aads of polarisation, and suppose its direction similar and inva- 
riably determined for each particle. Further, for the sake of con- 
ciseneds, we will call c z the axis of translation ; but we do not sup- 
pose this invariable in each particle, and we will consider it only 
as relative to its actual direction, in order to leave the particle at 
liberty to turn about its axis of polarisation. According to these 
definitions all the results that we have hithertq obtained may be 
expressed very simply and clearly in the following manner. 
• When a ray of light is reflected by a polished surf ace, under the 
angle which produces complete poUxrisationy the axis of polarisation of 
every reflected particle is situated in the plane of reflection, andpcr^ 
pendicular to the actual a^is of translation of that particle. 
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If the incident particles are turned so that this condiition cannot 
possibly be fulfilled, they will not be reflected, at least under the 
angle of complete polarisatum. That happens when the axis of po- 
larisation of an incident particle is perpendicular to the plane of 
incidence, the angle of incidence being properly determined d priori. 

GeneraUy speaking, when a polished surface receives a polarised 
ray under the angle at which it would itself produce complete po- 
larisation, if it be made to turn round the ray without changing that 
angle, the quantity of light, reflected in diflerent positions, varies as 
the square of the cosine of the angle between the plane of incidence, 
and the axis of polarisation. 

When a ray of light has undergone polarisation in a certain direc- 
tion, by the process above described, it carries that property with it, 
and preserves it without sensible alteration, when made to pass per- 
pendicularly through even considerable thicknesses of air, water, and, 
in general, any substance that exerts only single refraction ; but 
doubly refracting media alter, in general, the polarisation of a ray, 
and in a manner, to all appearance, sudden, communicating to it a 
new polarisation of the same nature in a diflerent direction. It is 
only when crystals are held in certain directions, that the ray can 
escape this disturbing influence. Let us endeavour to compare more 
closely these two kinds of action. 

That of crystab of one axis has been studied by Malua, who has 
comprised its efiects in the following law. When a pencil of light 
naturally emanating from a luminous body, passes through a crystal 
of one axis, and is divided into two pencils having different direc- 
tions, each of these pencils is polarised in one single direction ; the 
ordinary one in the plane passing through its direction and a line 
parallel to the axis of the crystal, the extraordinary one perpendicu- 
larly to a plane similarly situated with respect to its direction. E^ch 
of these rays, when received on a plate of glass after its emergence, 
shows all the characters of polarisation that we have described. 

This law obtains equally, when the ray has been polarised by 
reflection before its passage through the crystal. The two refracted 
pencils are always polarised, as if they had been composed of direct 
rays, but their relative intensities difler according to the direction of 
the primitive polarisation given to them ; this direction must there- 
fore have predisposed the particles to undergo from preference one 
or the other of the refractions. 

These t\vo laws were discovered by Malus. The analogy already 
remarked, between crystals of one axis and those of two, indicates suf- 
ficiently how it is to be extended to the lattery to find the direction 
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•f poliarisation for the ordinary pencil, draw a plane through its 
direction, and through each of the axes of the crystal. If either of 
these axes existed alone, the ordinary pencil would be polarised in 
the plane belonging to it* Now it is actually found polarised in a 
plane intermediate between these two, and the extraordinary pencil 
perpendicularly to the analogous plane drawn through its direction 
between the two planes containing the axes. If the angle between 
these be equal to nothing, the crystal has but one axis, and the direc- 
tion of polarisation is conformable to Malus^s indications. This law 
has been directly verified on the two pencils refracted by topaz ; 
as for other crystals in which it has been possible to verify it directly, 
we may, by the consideration of some other phenomena that will 
shortly be mentioned, infer that it applies to them also. 

These laws of polarisation are applicable in all cases where the 
two pencils transmitted by a crystal are observed separately, but 
when they are received simultaneously, and in nearly the same direc- 
tion, that of their apparent polarisation is found to be modified, and 
at the same time their coincidence produces certain colours, which 
M, Arago first observed, and of which M. Biot determined the ex. 
perimental laws. The most simple arrangement for exhibititig these 
colours^ is to place a thin lamina of some crystallized substance, in 
the direction of a white ray, previously polarised by reflection, and 
to aaaiyie the transmitted light by means of a doubly-refracting prism. 
The light is thus separated into two portions, the colours of which are 
complementary to each other, and identical with those of the rings 
1>etween two glasses. One of these portions appears to have pre- 
lerved its primitive polarisation, whilst the other exhibits a new 
(polarisation, of which the direction depends on that given to the 
axes of the crystal by turning the lamina round in its own plane. 

Following gradually in this manner the direction of the polarisa- 
tioB given to a particle of light, transmitted through different thick- 
nesses of a crystalline medium, it will be found to undergo periodical 
alternations, which, if light be an emission, indicate an oscillatory 
motioa of the axes o^ the particles accompanying their progressive 
motion* M* Biot has designated this fact by the name of moveable 
pokaisaiumy which is merely the expression of the observed results. 

If the system of undulations be adopted, the colours of the two 
images may be attributed to the interferetice of the two pencils into 
which the incident polarised light separates, in passing through the 
lamina. This is what Dr Young does, and it is remarkable that cal- 
culations founded on this principle, gave him the nature of the tints, 
and the periods after which they recur, precisely as M. Biot had de- 
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termiiied them by experiment. As to the alternatioiis of polarisa- 
tion, they become, in the undulatory 83rstemy a compoood resak pro- 
daced by the mutual infloence of the interfering rays, and it is easy 
to deduce from observation the conditions to which the mixture of 
the waves must be subjected to produce the new directioB of appar- 
ent polarisation. M. Fresnel has done thb, and the indications of 
his formula have been found conformable in all respects to the laws 
deduced by M. Biot from observation. 

These interferences of the rays may be produced widiout the 
assistance of crystalline laminae ; we may equally well employ thick 
plates, provided the rays pass through them at very small inclina- 
tions to their crystalline axes. If the experiment be made with a 
conical pencil of light, large enough to give the various rays com- 
posing it inclinations sensibly different to the axes, so that they shall 
experience double refractions sensibly unequal, these rays, analysed 
after they emerge, offer different colours united in the same system 
of polarisation ; and the union of diese colours forms round the axes 
coloured sones, the configuration of which indicates the system of 
polarising action exerted by the substance under consideration. 
This kind of experiment is therefore very proper for exhibiting the 
axes, and indicating the mode of polarisation which any given sub- 
stance impresses on the rays. 

Upon the whole, the interferences of polarised rajrs ofler very re- 
markable properties, many of which have been discovered and ana- 
lyzed by MM. Arago and Fresnel with great ingenuity and consid- 
erable success, but as the limits of this work do not allow of a full ex- 
position of them, we shall only cite one, which is, that rays polarised 
at right angles do not affect each other when they are made to inter- 
fere, whereas they preserve that power when they are polarised in 
the same direction. It is not only crystalline bodies that modify 
polarisation impressed on the rays of light ; MM. Mains and Biot 
found by different experiments, made about the same time, that if a 
ray be refracted successively by several glass plates placed parallel 
to each other, it will at length be polarised in one single direction 
perpendicular to the plane of refraction. Malus by a yrery ingenious 
analysis of this phenomenon, has moreover shown that it is progres- 
sive^ the first glass polarising a small portion of the incident light, 
the second a part of that which had escaped the action of the first, 
and so on. M. Arago, measuring the successive intensities by a 
method of his own invention, has shown that they are exactly equal 
to the quantity of light polarised in contrary directions at each re- 
flection. A phenomenon analogous to this is produced naturally ia 
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prisms of tourmaline, which appear to be composed of a multitude 
of smaller prisms, united together, but without any immediate con- 
tact. All light passing through one of these prisms perpendicularly, 
is found to be polarised in a direction perpendicular to the edges, so 
that if two such prisms be placed at right angles, on looking through 
them a dark spot is seen where they cross. This property of the 
tourmaline affords a very convenient method for impressing on a 
pencil of rays a polarisation in any required direction, and for dis- 
covering such polarisation when it exists. 

Moreover, M. Biot has discoverd that certain solid bodies, and 
even certain fluids, possess the faculty of changing progressively 
.polarisation previously impressed on rays passing through them ; and 
by an analysis 'of the phenomena produced by these substances, he 
has shown that the same faculty resides in their smallest particles, so 
that they preserve it in all states solid, liquid, and aeriform, and even 
in all combinations into which they may happen to enter. M. Fres* 
nel has found certain analogies between these phenomena and those 
of double refraction, which seem to connect the two together most 
intimately through the intermediation of total reflection. 

Since reflection and refraction, even of the ordinary kind, modify 
the polarisation of light, we may expect to find this effect produced 
when rays of light are made to pass through media of regularly vary- 
ing density. It is accordingly found that all transparent bodies which 
are sufficiently elastic to admit of different positions of their particles 
round a given state of equilibrium, as glass, crystals, animal jellies, 
horn, &c., produce the phenomena of polarisation, when they are com- 
pressed or expanded, or made unequally dense by being considerably 
heated and then cooled suddenly and unequally. These phenomena, 
discovered originally by Dr Seebeck, have been since studied and 
considerably extended by Dr Brewster, who has moreover remarked, 
that successive reflections of light from metallic plates produced phe- 
nomena of colour in which both M. Biot and he recognised all the 
characters of alternate polarisation. 

Knowing, by what precedes, the experimental laws, according 
to which light is decomposed in crystals endued with double refrac- 
tion, we may consider these eflects as proper means for determining 
the mode of intimate aggregation of the particles of such bodies, and 
for afibrding some insight into the nature of their crystalline structure. 
Light becomes thus, as it were, a delicate instrument with which 
we examine the interior of substances, and which, insinuating itself 
between their minutest parts, permits us to study their arrangement, 
at which mineralogists previously guessed only by inspection of their 
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external forms. M. Biot has shown the use of this method, applying 
it to a numerous class of minerals designated by the general name of 
mcoy and be thinks he has decisive reasons for believing that several 
substances of natures extremely different as to their compositioB 
and structure have been improperly comprised under that name. 
He has also made use of the phenomena of alternate polarisation, to 
construct an instrument which he caUs a cohnigradty which, produc- 
ing in all cases the same series of colours, in exactly the same order, 
merely by the nature of its construction, affords a mode of designa- 
tion just as convenient for comparison as that furnished by the ther- 
mometer for temperatures. 

Many other experiments have been made, and are daily making, 
and many other properties have been discovered in polarised light ; 
but we have been obliged to confine ourselves to die results, which 
are, perhaps not the most important part of die subject, although 
the easiest to explain ; our aim in this rapid sketch being rather to 
stimulate than to satisfy the desire of knowledge on this branch of 
science which presents so vast a field for research both in theory and 
experiment, and which, though so lately discovered, has already 
furnished some useful applications to physics and mineralc^. 



III. 



Tlie Relations of Light and Heat or Caloric. 

In the body of this treatise we have considered only those proper- 
ties of light which are made known to us by vision. In this single 
point of view, we have been made acquainted with a variety of phy- 
sical characteristics belonging to this element We shall now, for a 
moment consider the power which light has of heating bodies ex- 
posed to its action ; and shall endeavour to ascertain whether this 
phenomenon proceeds from the identity of light and heat, or from 
the coexistence of both principles in the luminous rays. 

We shall first state an important fact discovered by the great as- 
tronomer Sir William Herschcl. Having proposed to measure the 
calorific energy of the different rays of the solar spectrum, he placed 
a very sensible thermometer in each of the seven divisions of colour 
marked by Newton ; he then observed to what degree these ther- 
mometers rose in each of them above the point at which they stood 
in the surrounding air. He thus found that this degree was higher 
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Proceeding in this naoner M. Berard obtained the same results as 
Sir W. Herschely with respect to the augoientation of the calorific power 
from the violet to the red, but he foaod the maximom of beat at the 
extremity of the spectrum, and not without it He fixed it at the 
point where the ball of the thermometer was just covered by the 
extreme red rays ; he perceived the temperature decrease progres- 
sively as the ball of the thermometer reached the shade ; and finally 
placing the thermometer entirely without the visible spectrum, where 
Sir W. Herschel fixed the maximum of heat, the elevation of the 
temperature above the surrounding air was only a fifth part of what 
it was in the extreme red rajrs. The absolute intensity of the heat 
produced was also less in the experiments of M. Berard, than in 
those of Sir W. Herschel. It is impossible to determine whether these 
differences depended upon the substance of the prisms and the diver- 
sity in the apparatus, or upon some other physical circumstance be- 
longing to the phenomenon itself. 

M. Berard was desirous of ascertaining whether these properties 
would manifest themselves separately in each of the portions into 
which light is divided when it traverses a crystal endued with the 
property of double refraction. He therefore caused the solar beam to 
traverse a prism of Iceland spar. The division of the ray formed 
two spectrums, which exhibited the same properties ; in both, the 
calorific property existed in less intensity within the limits of the 
spectrum, and was retained beyond the last sensible red rays. Thus, 
when the ray is divided by traversing the crystal, the calorific power 
is also divided between the two luminous portions. 

Id this operation the luminous particles are polarised by the crys- 
tal. In order to ascertain whether the obscure calorific particles ex- 
perienced the same eflect, M. Berard received the solar beam apoa 
a piece of polished and transparent glass, forming with it an angle of 
35^ 25', in order that the reflected portion might be completely 
polarised. The reflected portion was then received upon another 
glass forming with it the same angle of 35^ 25', and disposed in such 
a manner that it could turn conically under this constant incidence. 
This was precisely the apparatus of two glasses used by JVIalus, to 
which we have before had occasion to refer. It is evident that by 
turning the second glass, two positions would be found where no light 
was reflected ; it only remained then to ascertain whether any heat 
was here reflected. For this purpose M. Berard placed a concave 
metallic mirror in such a manner as to collect the rays reflected by 
this glass and concentrate them upon the bulb of a thermometer 
placed at its focus. But in order to observe easily the different peri- 
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ods of the phenomenon, he connected the thermometer closely with 
the mirror, and the mirror with the glass; so that when the glass 
turned, the two other pieces turned with it, preserving always the 
same position with respect to it. Things being thus disposed, M. 
Berard brought the second glass successively into all possible aai- 
muths about the ray, and he found that in the positions where no 
light was reflected, no heat was any longer reflected ; for the ther- 
mometer placed at the focus of the mirror, did not rise when in 
these positions, although it rose by a very sensibly quantity, when 
the glass was placed in the azimuths where the reflection of light 
could take place upon its surface. Tn this experiment, therefore, as 
in the preceding one with Iceland spar, the obscure calorific princi- 
ple accompanies the luminous particles and conforms to their action. 
Although in the case in question, it must be admitted that the 
calorific principle is very little separated from the light itself, since 
it is free only for a very small space below the extreme red of the 
spectrum ; still, there is a variety of other circumstances, in which 
we find it in great abundance, almost entirely separated from light. 
This is the case whenever we observe bodies which give out strong 
heat, without any sensible appearance of light ; such, for example, as 
a ball of iron heated below the point where it becomes red, and 
still more vessels of tin or glass filled with boiling water. Th« sen- 
sation of heat which these bodies produce at a distance on our organs, 
and the effects they produce upon the thermometer cannot be ascrib- 
ed in general to a transmission by contact, through the medium of 
the particles of air or vapour which intervene between us and them ; 
for the calorific impression produced by them, is felt as well in a 
horizontal or downward direction as in any other, which is altogether 
contrary to the direction in which the particles of air, or vapour, or 
any other fluid whatever, move when 'their temperature is raised ; 
the dilatation which they experience causes them to ascend, as has 
been abundantly proved both from reason and experiment. We 
most, therefore, conclude that in these and all analogous cases, there 
is an immediate transmission of obscure caloric, though we cannot 
absolutely determine whether the caloric is a material principle, 
radiating like light, or whether it consists only of vibrations propa- 
gated through an imponderable medium ; two modes, which, if the 
medium be very elastic, exhibit nearly the same effects. Now, by 
substituting dark heated bodies in the place of the spectrum before 
used, M. Berard found that the effects produced upon the thermom^ 
eter^ still took place according to similar laws. 
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If one of the dark heated bodies of which we have been speaking, 
be placed before a concave 'metallic mirror, we find that there is a 
focus of heat produced by reflection ; and this focus is formed at 
precisely the same point with that of luminous rays proceeding from 
the same body. The calorific emanation, therefore, is reflected 
specularly like light, making the angle of reflection equal to the angle 
of incidence; and as the specular reflection of light is nothing or 
nearly nothing, from rough bodies, when it does not fill! very ob- 
liquely upon dieir sur&ce; so there are certain surfaces which 
reflect obscure caloric with difierent degrees of intensity. It is 
strongly reflected, for example, from the surface of polished metals, 
but much less from the surface of glass, however perfectly polished. 
It was for thb reason that M. Berard made use of a metallic Hiirror 
in the experiment above mentioned. 

We have considered only the colorific and calorific pn^ierties oC 
light. We shall now speak of its chemical efiects. This point abo 
has been accurately investigated by Bl. Berard. Chemisis had kMig 
observed that when the muriate of silver and other white salts are 
exposed to the influence of light, they soon become black. Gum 
guaiacum, exposed thus to light, passes firom yellow to green, as has 
been observed by Dr WoUaston. MM. Gay-Lussac and Th&iard 
have made known an action of this kind still more immediate aad^ 
energetic ; for, upon exposing to a solar beam a mixture of hydrogen 
gas and chlorine in equal volumes, a detonation immediately took 
place, the product of which was hydrochloric acid, heretofore called 
muriatic acid. M. Berard made use of these difierent substances as re- 
agents, in examining and ascertaining the chemical properties of the 
difierent rays of the spectrum. For having placed in the spaces oc- 
cupied by the difierent colours, small pieces oi paper impn^nated 
with muriate of silver, or small vessels filled with a mixture of the 
two gases, he was enabled to judge of the energy of the action of 
the difierent rays by the intensity and rapidity with which chemical 
changes took place in the substances thus exposed. He ascertained 
in this manner, that the chemical action was really most intense 
towards the violet extremity of the spectrum, and that they extended 
as bad been maintained by M. Ritter and Dr Wollaston, a little be- 
yond this extremity. Moreover, when these substances were expos- 
ed for a certain time to the action of each ray, which could be easily 
done on account of the immobility of the spectrum, he succeeded 
in observing sensible efiects, though continually decreasing in inten- 
sity, in the indigo and blue rays ; whence he considered it probable 
that if reagents still more sensiUe were employed, analogous efiects 
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might be obtorved^ though more feeble, in the other rays. In order 
t9 Irender evident the great disproportion which exists, in this res- 
pect) between the energies of the different rajs, M. Berard concen- 
trated, by means of a lend, all that part of the spectrum which is com- 
prited between the green and extreme violet, and he concentrated in 
a similar manner, by another lens, all that portion which extends from 
the green td Uie other extremity; This last portion was collected 
into one point sensibly white, and so dazzling that the eye could 
hardly endure it. Nevertheless the muriate of silver remained ex- 
posed for more than two hours to this vivid light, without experi- 
encing any sensible alteration. On the contrary, when exposed to 
the other portion which was much less white and dazzling, in less 
than ten minutes the muriate was found to become black. M. Be- 
rard concluded from this experiment that the chemical effects pro- 
duced by light are not owing solely to the heat which it developes 
in bodies, by combining with their substance ; since, on this suppo- 
sition, the power of producing chemical combinations might be 
expected to be most intense in the rays, which possessed, in the 
highest degree, the power of producing heat. But perhaps we shall 
find less opposition between these two considerations, if we bear in 
mind, that, iiccording to the experiments of De Laroche, there may 
be essential differences between the obscure caloric employed by 
chemists^ to alter certain combinations, particularly the vegetable 
colour?, And the caloric of the spectrum in the part which does not 
produce these effects. For example, the difficulty would not exist, 
if the obsture calori^i, obtained by artificial heat, were wholly or 
partly analogous to the equally obscure emanations which take 
plate at the violet extremity of the spectrum, and there does not 
0eem to be any impossibil ity Jn such a supposition. 

These experiments of Bi|P|||||^rd leave no doubt that the different 
portions of a solar ray, dispersed by the prism, have very different 
properties as to the power which they possess of producing vision, 
he^^ty and chemical combination. Are we then to attribute these three 
powers to thf'ee distinct kinds of rays, existing independently of each 
Other, and capable each of producing only one single effect. If this be 
the case, it will also be necessary that each of these species should be 
capable of being separated by the prism into an infinity of different 
inodifications, like light itself, since we find by experiment that each 
of the three properties, chemical, illuminating, and calorific, is distri- 
buted, though in very unequal proportions, over a certain extent of 
the Spectrum. Thus, according to this hypothesis, we must con<- 
ceiVe three spectrums, one calorific, one chemical, and one luminous, 
foperpoied upon each other. It must likewise be admitted that 
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each oi the sabetances which compose the spectrmns, and ereo ewdk 
of the particles of anequal refraogihilitj which compose tiieae sub' 
stances, is endued, like the particles of Tisible li^ht, widi the pro- 
pertj of being polarised bj reflection, and of e8capiog> the inflo' 
eoce of the reflecting force, as is obsenred with reqiect to the 
luminous particles, and in the same cases. A like analogy must exist 
also in the other properties. But instead of this complicated sjalem, 
we suppose, conformablj to the phenomena, that the solar M^^t ii 
composed of an assemblage of rajs unequallj refrai^ble, and conse- 
qoentlj capable of being difiierentlj modified by the action of bodies, 
which supposition requires that there should be original differences, 
either in their masses, their relocities, or their affinities. Whj 
should these rays which difler in so many respects, all prodoce upon 
thermometers and upon our organs, the same effects as to heat and 
light T Why should they hare the same power in forming and sept- 
rating chemical combinations ? Is it not yeiy natural to siqipose that 
▼ision may take place in our eyes only between certun Umits of 
refrangibility, and that too great or too small a refirangibility may 
render the rays equally unfit to produce this efiecL It is possible 
that these rays are capable of exciting a rision in other eyes; per- 
haps they are capable of exciting it in certain animals ; on this sop- 
position all that is nuirvellous in the above phenomena ^saqppears, 
or rather it becomes a part of the general action of light In a 
word, we may suppose the calorific and chemical properties to rarj 
throughout the whole extent of the spectrum with the refrai^ilMlitjr, 
bat according to diflerent functions, in such a manner that the calo- 
rific property shall be at its minimam at the violet extremity of the 
spectrum, and at its fn^urtfntmi at the red extremity ; while, on the 
contrary the chemical faculty, expressed by another function, diiall 
have its minimam at the red extremity, and its maximum at the vio- 
let extremity or a little beyond it This single supposition, which 
is the simplest representation of the phenomena, perfectly satisfies 
ail the facts stated above, and even enables us to predict a gpreat 
number of them from analogy alone. Indeed, if all the rays 
which produce vision, heat, and chemical combinations, are equally 
rays of light, they must all necessarily be reflected from polished 
bodies, and reflected according to the same law, making the angle 
of reflection equal to the angle of incidence ; whence it follows that 
they will be, in like manner, concentrated or dispersed by concave 
or convex mirrors. They must, moreover, be all polarised in tra- 
versing a crystal endued with the property of double refraction, or 
in being reflected from glass, ice, &c., under a determinate inci- 
dence ; and when they have received these modifications, they must 
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be reflected from another surface of the same kind, if it be placed 
la such a manner as to render its reflecting force efficacious upon the 
luminous particles. On the contrary, if this force produces no eflect 
upon the visible luminous particles, invisible light will no longer be 
reflected ; for the cause which determines or prevents reflection, 
appears to act equally upon all the particles, whatever be their 
refrangpibility ; and must therefore operate upon invisible light, 
since the condition of visibility or invisibility has reference only to 
the constitution of our eyes, and not to the nature of the particles 
themselves which produce the sensation in us. Finally, since, accord- 
ii^ to the observations of De Laroche, obscure caloric, emanating 
from bodies gradually heated, approximates gradually to the condi- 
tions and properties belonging to luminous caloric, we might suppose 
that when the emanation begins to become visible, it would be imme- 
diately analogous to the least calorific part of the spectrum, which is 
the extremity of the violet. Accordingly we observe that flame of 
whatever kind, in its incipient state, is violet or blue, and only attains 
to whiteness when it has reached a high degree of intensity. Still 
this view of the subject from the very circumstance that it supposes 
a progressive state, is not inconsistent with the idea of particular pro- 
perties, belonging e:^clusively to a particular stage of the progres- 
sion. Thus the calorific emanations of diflerent temperatures, and 
the luminous emanations of diflerent colours, may difiier from each 
other in the property of producing vision^ heat, and chemical action, 
in the power of being transmitted through transparent substances, 
and perhaps in many other particulars which we have not yet dis- 
covered. 



IV. 

Measure of the Intensities of Light. 

It often happens in optical researches, that we have occasion to 
compare the intensities of two lights presented at the same time or 
successively. In the first case, which is the most simple, we illumi- 
nate separately with these two lights, equal discs of very white pa- 
per, or some other unpolished body which is a good reflector ; then, 
viewing at the same time the two discs, we remove the most intense 
of the two lights, until they appear equally bright. Hence the in- 
tensities will be as the squares of the distances of the lights from 
the discs. This partial illumination may be obtained by illuminating 
a white space with these two lights, and interposing before them a 
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small opaque diic, the shades of which will indicate the pcdQt^ sepa- 
rately illamiDated. It is safficient, then, to reader these shadep 
equally deep, by varying the distance of the luminous body from 
the screen. We may also admit the two lights separately through 
fig. 180. two conical tubes united at their vertices, and terminated at tbii 
place by two equal discs of white paper. Then viewing both discs 
at once, having the head covered for the purpose of excluding all 
foreign \ighi^ we give notice to an assistant which of the two lumii' 
nous objects must be removed or brought nearer, until the two discs 
appear equally bright. When we have arrived at this result, the 
intensities of the two lights are proportional to the squares qf tht 
distances from their respective discs. 

But if we wish to compare two lights which are not visible at tht 
same time, we have only to select a third, whose lirightnefls is of 
such a nature as to sustain itself without variation, and compare U 
successively with each of the other two. By employing these pro- 
cesses and various others of a similar kind, Boii^uer obtained a 
variety of curious results from which the following are selected 

Tabk of the quantities of light reflected hy the surface of water 

wider different obliquities* 



1000 expresses the number of incident rays. 


Obliquities reck- 
oned from the 
surface. 


Number of 
reflected rays. 


Ob. 


No. 


^Ob. 


No. 


Ob. 


No. 


0°30' 


721 


6o 


501 


17^30' 


178 


60« 


22 


1 00 


692 


7 30 


409 


20 


145 


60 


19 


1 30 


669 


10 


333 


25 


97 


70 


18 


2 00 


639 


12 30 


271 


30 


65 


80 


18 


2 30 


614 


15 


211 


40 


34 


90 


18 



Table of the quantities of light reflected by the first surface of polished 

glass. 



Obliquities of inci- 
dence reckoned 
from the surface. 


Number of 
rays re- 
flected. 


Obliq. 


No. 


Obliq. 


No. 


2*^30' 


584 


15<> 


299 


50^ 


34 


5 


543 


20 


222 


60 


27 


7 30 


474 


25 


157 


70 


25 


10 


412 


30 


112 


80 


26 


1 12 30 


356 


40 


57 


90 


25 
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Table of the quantities of light reflected hy black marble pt^shed. 



Angle of the iucident' 


Number of rays 


ra5's. 


reflected. 


3^ 35' " 


600 


15 


156 


30 


51 


80 


23 



The first reflection under the angle of 3^ 35' is nearly as intense 
from marhie as from mercury. The same may be said with respect 
to all plane bodies of whatever substance. They all become very 
0'ood reflectors, when the incident rays make very small angles with 
the surface. But the reflecting force diminishes very rapidly as the 
direction of incidence approaches to a perpendicular. In this they 
difler from bodies whose reflecting force is powerful ; for in these, 
the intensity of the reflected light undergoes only slight variations, 
Tinder difierent incidences. In the case of mercury and telescope metal, 
for example, the whole extent of this variation scarcely amounts to 
J^ or ^ from to 90°. According to the experiments of Bouguer, 
for an incidence of 21° reckoned from the surface, mercury reflects 
about 637 rays out of 1000. Consequently, reflection under all other 
angles may vary from about 700 to about 600. This metal, which 
is perhaps the best of all reflecting substances, absorbs then more 
than one quarter of the light which falls upon it ; and this absorp- 
tion is mqch greater in bodies which reflect more imperfectly. 



V. 



Description of the Kaleidoscope* 

^ This instrument, in its simplest form, consists of two reflectin^^ Pig. 182. 
planes, made of glass or metal, from 5 to 10 or 12 inches long, and 
about an inch broad. These reflectors being put together with two 
of their edges in contact, and their reflecting faces inclined, for 
Instance, at an angle of 60°, or the sixth part of a circle, when they 
9re put in a tube, and the eye is placed at £, as near the angular 
point as possible, it will observe th^ opening AOB multiplied six 
times, and arranged round the centre O. 

^ If any object, however shapeless, is placed before th^ opening 
4QB^ ap4 QiBHr tiie ends of the reflectors, the eye at E will observe 
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ID the two adjoioing sectors an Inyerted image of this irregular 
object, apparently facing the direct image in AOB^ and the direct 
and inverled image will form an object perfectly symmetrical ; and 
these symmetrical images being multiplied by successive reflections, 
the whole circular space, composed of six sectors, will present to 
the eye a most perfect picture. 

^ If the object placed in AOB consist of pieces of coloured glass, 
lying in a cell bounded by discs of glass, the pictures increase in 
beauty, and as the glass fragments change their position by the mo- 
tion of the cell, a succession of the most perfect pictures will be 
displayed, which are literally infinite both in number and yariety. 

^ The objects which give the finest outlines by inversion are 
those which have a curvilineal form, such as circles, ellipses, looped 
curves like the letter 5, spirals, and other forms. Glan, both spun 
and twisted, and of all colours and shades of colours, should be form- 
ed into the preceding shapes, and when these are mixed with pieces 
of flat coloured glass, blue vitriol, native sulphur, yellow orpiment, 
difierently-coloured fluids moving in small enclosed vessels of glass, 
&c., they will make the finest transparent objects for the kaleido- 
scope. A very fine efiect is produced when only two colours are 
used, viz. those that harmonize with each other, such as red and 
green, blue, and gold yellow. Pieces of glass of these two colours 
may be mixed with twisted pieces of colourless glass with great 
effect. 

^ In the simple kaleidoscope the two reflectors may be fixed at a 
constant angle, so as to be an aliquot part of a circle, or 360^, or 
they may be made to vary their inclination by various simple con- 
trivances. 

^ If the eye is raised above fJ, or if the objects are placed at any 
distance from the ends of the reflectors, the symmetry of the picture 
and the uniformity of the light vanish, so that it is essentially neces- 
sary to the production of forms perfectly beautiful and symmetrical 
that the eye be placed as near as possible to the angular point, and 
the objects as near as possible to the ends of the reflectors. 

' The utility of the kaleidoscope may be greatly extended by the 
addition of a lens. *^ In considering how this change might be efiiect- 
Fig. 183. ed, it occured to me," says Dr Brewster, " that if Jl/A" were a dis- 
tant object, either opaque or transparent, it might be introduced 
into the picture by placing a lens LL^ at such a distance before the 
aperture AOB^ that its image may be distinctly formed upon the 
plane passing through AOB, By submitting this idea to experiment, 
I found it to answer my most sangine expectations. The image 
formed by the lens at AOB became a new object, as it were, and 
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was multiplied and arranged by successive reflections, in the very 
,same manner as if the object MJV had been reduced in the ratio of 
ML to LA^ and placed close to the aperture. 

^ ^< In the compound kaleidoscope, thus constructed, the ftirniture 
of a room, books, and papers lying on a table, pictures on the wall, 
a blazing fire, the moving branches and foliage of trees and shrubs, 
bunches of flowers, horses and cattle in a park, carriages in motion, 
the currents of a river, moving insects, and in abort every object in 
nature may be introduced by the aid of the lens into the figures 
created by the instrument. When the flames of a blazing fire con- 
stitute the object, the kaleidoscope creates from it the most magical 
fire-works, in which the currents of a flame which compose the 
picture may be turned into every possible direction. 
' ' " The theory of this instrument ; the various forms of annular, 
parallel, and polycentric kaleidoscopes ; its application to the magic 
lanthom and the solar microscope ; and the mode of employing it in 
the fine and useful arts, have been explained at great length in my 
Treatise on the Kaleidoscope,''^'^ — Brewster's Edition of Fergtison's 
Mechanics* 



VI. 



JVcw Optical Experiments^ and the Improvement of Glass. 

^ M. Frauenhofer has been long known on the continent of Europe 
as a very distinguished practical optician. He has succeeded be- 
yond any other artist in producing flint glass for optical purposes, of 
the most complete transparency and freedom from flaws and defects. 
This superiority in his glass has enabled him to prosecute some 
very important researches. His primary object was to determine 
with gpreat exactness, for the formation of achromatic object-glasses, 
the dispersive powers of different species of glass. He first tried 
the effect of correcting the colour by opposing prisms, viewed 
through a telescope, which is in fact the same method as that 
originally proposed by Dr Brewster. But it became an object of 
attention to examine the dispersion of each coloured ray separately. 
To do this is a problem which has always been attended with the 
essential difficulty of not being able to (ik upon rays in the spectrum 
which are strictly homogeneous, and which can at all times be iden- 
tified with certainty* In order to get over this difficulty, M. Frauen- 
hofer tried, v^thout success, different coloured media and flames ; 
to trials of this kind we shall soon hav.e occasion to allude, as lead- 
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ittg to some ifflportuit di«eo*€ries. Our >rti*t, bowerer, nexf a 
«d a plan which be considered as successfal ; thi^ was to place a 
lamp! in a row behind a small aperture, close belore whi:h « 
prism. The separate tpectruras of each lamp were thus thrown, to ' 
thai Ihe prism ander trial, which was placed at nearly <even hm- 
dred feet distance, receiFed only the red rays, for ejample, from 
«De lamp, and the blue from another, ttc^ by which means the coU 
ttrtn appeared in the form of di^lirrct spaces, separated entirely from 
«ach other. We cannot help feeling same di£culty as to Ihe sppli- 
cntion of ibis method, but perhaps the description itself is not tiie 
clearest that might be girea. We do not feel eare that the nf 
were strictly homogeneous; however, they were capable of eiafl 
identilicntioa from this further contrivance : a narrow aperture wM 
made in the screen above Ihe six lamp<, through which the light oi 
auoiher lamp passed, and was received on the second prism; 1 
viewing this, a bright line wns seen at the limits of the red all 
yellow spaces ; thia was exactly defined, and by means of its iavalj 
able position, in comparison with the coloured spaces below, th 
observer could always be a^ured that the same identical ray fd 
on bis prism. A number of measurements were thus made wii 
great esaclne^, from which the great diSereoces in the ratios of R 
fraction for the same ray in different media, are clearly ascert 

' But the most important point was the appearance of the brig] 
line above mentioned. This M. Frauenhofer nest proceeded t 
ttudy; he found it exhibited alike by the light from all dames, A 
when received through a narrow aperture. He neil tried the Ugfc 
of the son ; this was received into a dark room through a i 
crevice, at the distance of twenly-four feet, by a prism of escetlel 
fliol glass ; in looking at the spectrum thu^ formed through a si 
telescope, he observed not only the bright liae before spoken ol 
but an infinity of lines, some dark and some bright, crossing eveij 
part of the spectrum at right angles to the direction of its elongW 
lion, and not forming the boundaries of the different coloi 
but existing in the middle of them, and in fact, distributed in sain 
places more plentifully than in others along the whole length, I 
gome parts more conspicuous, and in others more faint. Of all thel 
lines the observer has given an accurate delineation; he counttij 
upon the whole 574 of them. If the aperture be so wide as to sti 
tend an angle of more than 15" to the eye, Ihe lines disappea 
Some of the fainter ones also are not seen, unless the eye be shadd 
from the glare of the brighter parts. With English flint glass, 
Frauenhofer could only see the biighlest lines ; but with every ai 
of glass of his onn manufacture, and with pi^sms formed of Iiqal<6i 
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they were all distinctly seen. He then proceeded, by an extended 
series of measurements, with a repeating circle, to determine the 
angles of deviation which these lines formed when viewed through 
different media. These lines in fact supply the great desideratum 
in researches of this nature, and enabled him to determine the de- 
viations belonging to points in the spectrum strictly, definite, with 
any degree of accuracy. 

* From observing the great number of lines crossing the spectrum, 
we might be led to suppose that the inflection of light at the edges 
of the aperture had some connexion with the phenomenon ; in order 
to examine this point, M. Frauenhofer varied the experiment in the 
following manner ; he received the rays through a small circular 
hole nearly 15^' in diameter; the spectrum thus formed i^ad almost 
no breadth, but in order to widen it, M. Frauenhofer made the rays 
pass through a semircylinder of glass. By this means the length and 
order of colours remained unaltered, but the breadth being magnifi- 
ed, he saw as before all the lines. By means of (he same contri- 
vance he detected similar lines in the light of the planet Venus, 
without employiifg any aperture ; the brightest lines only were 
visible, but they coincided in position with the corresponding ones 
in the solar spectrum. The light of some of the principal fixed 
stars was subjected to the same examination ; in some of these lines 
were observed in positions different from ^those before observed. 
The electric light was tried in the same way ; the points of two 
conductors were connected by a fine fibre of glass, along which the 
succession of sparks was so rapid as to produce the appearance of a 
fine line of light. In the spectrum formed by this light, (without 
passing any aperture,) lines different from any of the former were 
observed. The light of several was similarly examined, and several 
curious results obtained. 

^ Such is a brief outline of the most important parts of M. Frauen- 
hofer's experiments ; they indicate a very remarkable property of 
light, and present appearances which we believe have not yet been 
accounted for on any known principles. We must here take occa- 
sion to remind our readers, that the discovery of the fact itself, 
(though evidently unknown to M. Frauenhofer,) was made some 
years ago by Dr Wollaston. His experiments was, however, some- 
what different ; and owing to the great superiority of his glass, M. 
Frauenhofer has the merit of having ascertained the almost infinite 
number of those lines, which in Dr Wollaston's experiments appear- 
ed only a few. 

^ M. Frauenhofer must also have the credit of being the first to 
apply these lines to the purpose of accurate determination of the 
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(iiepersivo power, alllioiigii Dr. Wollaalon made a few obserratiom 
of this kind. It may be salhfaclory lo many to menlion faere, that 
with an ordinary prism of Cnglieh glas*, tbe priocipal lines may be 
very well seen by looking through tbe prism at a narrow apertnre 
in a ithulter or screen placeJ against a window eo as to receive the 
light of tbe clouds ; this waa Dr Wollaston's method ; his experi- 
menla are given in the Philosophical Transactions, for 1602; he 
examined also the light frotn flame. If the blue part of a candle 
flame be received through a narrow slit, the separation of the col- 
oors is very wide nnd complete. 

The mere inspection of the prismatic colours is suflicient to show 
that the different parts of the spectrum, independently of their col- 
our, possess very diflTerent degrees of brightness or illuminating 
iateosily. The late Sir W. Herschel was, wn believe, the fint 
who attempted any accurate delerminalion of these relative inteiWr 
lies ; he fouud the greatest illumination in the yi^llowiah g^reen 
space, and a gratliial decrease from thence towards each estremity- 
M. frauenhufer tried similar esperiments by a different method, and 
his determinations were made with greater attention to exactness 
than perhaps any former ; but there appear lo us two essential difi- 
cullies in bis method. In tbe first place, the intensity of each col- 
oured ray was to be equalised with the white or yellowiab light 
reflected by a plane mirror from a lamp ; M. Frauenhofer consideiSi 
it en-iy, with a little practice, for the eye to judge of this equalisi- 
tion with the requisite accuracy. This, we must confess, appeait' 
to us very doublfiil ; though the sensation of colour and of inteasi^* 
may possibly depend on modifications of (he same cause, yet tbe tiro 
sensations follow such very different laws, and that difference i 
dependent upon principles so wholly unknown lo us, that we can. 
hardly conceive the possibiiily of abstracting so entirely from the 
idea of colour that of iutensity, as to enable tbe mind to decide ift. 
any thing like a certain and satisfactory manner upon the equality of 
illuminating effect in lights of two different colours simult&Deoualf 
presented to the eye. 

' Another and more serious dlificully appears to us lo arise frmi 
ihe following considerations; supposing the illuminating inteositiei 
to be really equal, it is well established, that if two mys of Ught^ 
one of a colour approaching more to whiteness than the other, he 
presented in ju\ta-poailion to the eye, 'the deeper colour of the 
one will he diluted by the proiumity of the lighter colour of the 
other; that is to say, though not actually combined or blended 
together, the sensation which the one produces in the eye tends to 
diminish that which arises from the other. If this, as is highly pro- 
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bable^ k owiag to the different convergencj required for the two 
it will obviously take place iu a greater degree, in proportion as 
the coloured ray differs in refrangibility from the white. 

^ Whatever weight may be attributed to the objections against 
this particular method, it is certain that the illuminating, intensity 
tttstains a regular decrease from the central yellowish green to the 
violet on one side, and the red on the other. The series of num- 
bers given by M. Frauenhofer de^r^se in a more rapid ratio them 
those found by any other observers, and the tendency of the causes 
just considered as influencing his results, would be precisely that of 
producing this rapid diminution. But the decrease of illuminating 
power towards the red boundary, will become a point of considerable 
Interest in the sequel. 

^ M. Frauenhofer's observations on the illuminating powers of the 
prismatic rays, led him to several suggestions of practical import- 
ance in the construction of telescopes. He attends particularly to 
the distinction between diminishing the aberration of colour^ and 
producing greater distinctness in the image ; as also to the aberra* 
tion from the want of achromatism in the human eye. When dif- 
ferent specimens of glass were examined by the accurate test of the 
spectral lines, the difference in their dispersive powers w^s shown, 
when not otherwise capable of detection. M. Frauenhofer found 
differences of this kind in specimens taken not only from the same 
crucible, but from the opposite parts of the same piece of glass. 
By unwearied diligence and laborious trials, he has, however, at 
length succeeded in the manufacture of flint glass, to such a degree, 
that in a crucible containing four hundred pounds^ two pieces, one 
taken from the bottom and the other from the top of the same mass, 
exhibited absolutely the same power. 

* ThiJ9 becomes the place for noticing, the results obtained by a 
fellow-labourer in the same work. M. Guinand was the son of a 
joiner at -Neufchatel ; as a youth he worked at that trade ; subse- 
quently made watch cases ; and thus acquiring some idea of casting 
metals, undertook, on examining a reflecting telescope, to make 
ope ; in which he soon succeeded, without any knowledge of optic?, 
and left entirely to his own resources for every part of the work. 
His next attempt was to make a pair of spectacles. He learned the 
art of grinding and polishing the lenses by having once witnessed 
the process. He hence proceeded to make lenses of telescopes, and 
constructed several small refracting ones. He now accidentally be- 
came acquainted with the principle of the achromatic object glass ; 
and all bis energies and labours seemed concentrated upon the 
me^AS of eocleavouring to procure glass free from imperfections for 
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this purpose. This is in fact one of the most rfifficnU problems with 
which the practical optician is concerned ; and the patience, the 
Ba^aclly, the perseverence, which M. (iuioand displayed, in a long 
series of attempts under the most discouraging circumstances, to 
ohtnin his object, were truly surpriiing;. At every failure he seem- 
ed to be occupied solely in slsdyinj the cause which had occasioned 
ft. And thus, step by step, he contrived to approach at lenglh to- 
wards the wished for object, and produced glass more l>ee from 
BtriB and imperfections than any before made. Every disappoint- 
ment Ijiiigiil him some further improvement, and it was thus that he 
acquired, what is perhaps the distinguishing characteristic of his 
method, the mode of joining together into one large disk acparale 
pieces of glass, selected as the most perfectly homogeneous. These 
he contrived to soften and unite together again, after which they 
were formed into the required lens, without any perceptible joining, 
or Imperfection; in this way he has formed lenses of twelve or 
eighteen inches diameter. In 1805, his fame had reached M. 
Frnuenhofcr, who invited him to Batavia, lo give his important ser 
vices to the establishment at Beaedictbauem, where glass for opti- 
cal purposes is lai^ely manufactured under M. Frauenhofer'a direc- 
tion. The glass made by M. Guinand has since become icnown over 
Europe ; specimeos have been tried by the opticiaM and astrono- 
mers of France and England. The report of that emineot artist, 
Mr. Tulley, as lo its great superiority over any made in England^ 
is couched in the strongest terms ; and there can be liltle doubt tha^ 
owing lo the very perfect transparency which it possesses, w 
expect a great increase in the power of refracting telescopes 
erto so much limiled in their degree of improvement. M. GuinanJ 
relumed to his native place, and conlinueil the construction of tele* ' 
copes with uncommon ingenuity and success, himself not only hav- 
ing melled, formed, and polished Ihe glasses, ami calculated the 
adjustments, but also conslrucled every part of the apparatus, and 
put it together. This remarkable example of untaught genius died . 
lea^, aged seventy-six. His secret is coniined to his son, w 
derlakes to continue the manufacture so important to the scientific J 
world, upon the same principles as the father. 

'We before mentioned that M. Frauenhofer's first attempts weisfl 
directed to obtaining homogeneous light by means of flames aoffl 
coloured media ; in this he was unsuccessful. Dr Brewster, how- ' 
ever, and Mr Hcrschel have been more fortunate. 

' Dr Brewster was in want of homogeneous light, to illuminate 
objects under microscopic esaminalion. Mr Herschel wished (0 
obtain it for the proseculioD of certain optical researches. DrBrew- 
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ster, ailter numerous trials, ascertained the remarkable fact, that 
alnciost all bodies in which the combustion is imperfect, such as pa- 
per, linen, &c., gave a light in which strictly homogeneous yellow 
rays predominated ; that the yellow light increased with the humidity 
of these bodies ; and that a great proportion of the same light was 
generated when various flames were urged mechanically with a 
blow-ptpe, or a pair of bellows. He thence concludes, that the yel- 
low rays are the produce of an imperfect combustion. However, 
the most important circumstance was that the presence of aqueous 
vapour increased the quantity of yellow light ; this was a new fact, 
and supplied Dr Brewster with a lamp whose light was truly homo- 
geneous. Diluted alcohol is the pabulum he employs, and he has 
suggested a convenient form for a lamp for the purpose wanted. 

^ Various media, such as coloured glasses, were also tried. Dr. 
Brewster investigated the effect of heat in changing the tints of these 
glasses ; in some, the power of absorbing particular colours is alter- 
ed transiently, in others permanently. He tried the effect of differ- 
ent media in absorbing the different rays of the spectrum, and has 
given dilineations of the spectrum, as seen through different coloured 
glasses. 

^ In Mr HerschePs experiments the object was nearly the same in 
the first instance, but he has pursued it in a somewhat different 
manner from Dr Brewster, and has arrived at some other results of 
considerable consequence. 

^ He first examined, as also Dr Brewster did, the effects of certain 
coloured glasses in almost obliterating certain coloured spaces in the 
spectrum, whilst others were transmitted in all their brilliancy. 
This fact was noticed by Dr Young. Mr Herschel, in applying to 
the examination of it the uncommon powers of his analytical skill, 
has resolved the phenomena into their most general expression, 
and thus traced the causes of many interesting consequences which 
otherwise would not have been deduced. 

^ For example, one of the glasses he tried was of a ruby red col- 
our ; this permitted to pass almost the whole red, and a considerable 
portion of the orange ; and even in strong lights a portion of yellow 
or a trace of green, but the rest were obliterated. He represents 
the effect by conceiving a straight line divided according to the pro- 
portions of the coloured spaces, to be taken as the abscissa, and at 
each point ordinates erected, representing the proportion of rays 
transmitted by any medium ; the extremities of these ordinates give 
a curve, which he calls the type of this medium. The nature of this 
curve is determined by observation for each medium ; but Mr Her- 
schel has given an analytical expression, showing the law by which 
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altered, according to an increase of thick- 
ia ID fact cue of the most curious parts of 



the nature of tiic i 
negs in ibe mcdiui 
the subject. 

^ "^ ll would appear at first sig;ht," Mr Herscliel observes, " that 
the cflect of doubling or tripling the thickne^ of uny coloured me- 
Jiiim, would simply be to increase the depth and iuteoaity of the 
lint, but not to alter its character. If a white object appear blue 
llirongh a blue glass, we should eipcct it to appear 8till bluer 
lUrough two, and jet more so through three such glasses. The 
ahore formula shows, however, that this is so far from being the 
ease, that the lint of the emergent pencil is essentially dependent on 
th« thickness of llie medium ; and that it is only from a knowledge 
of the relative values of the ratios of the intensity after traversing a 
thicliness equal to uaity, for the various parts of the spectrum, that 
wc can sny u priori, whether the tint of a thick glass will retain aojr 
similority to that of a thin one of the same kind." 

'The fuct is, the quaolity of any coloured ray, transmitted by ■»- 
bomogeneons medium, decreases in geoiiietrieal progression, as th^ 
thickness increase? in urithmtiical. Thus, however trifling tltf 
difference may be at first in the effect of two media, it is alwayS' 
possible to render it sensible by taking a sufliciently great thick- 
ness ; thus the water of the lake of Geneva is indigo-blue, that 41 
the lake of Co mo, emerald-green, when viewed through a consider 
able thickness, though colourless in small quantities. Of tliis, ai^ 
meroua other instances will occur; such as the difference in Iho 
colour of the sea according to its depth, so well known to pilots, a 
otleii enabling them to perceive their approach to shoals, &c. 

' '^ In some instances the curve has two unequal maxima in different 
parts of the spectrum ; and if at the same lime the greater of theM 
ehould happen to correspond lo a ray of feebler illuminating power 
than the less, Ihe tint, in small thicknesses of the n 
erally sjieakin^, bo that of the lesser maximum ; the greater vivi<t 
neas o( these rays giving them a predominance over Ihe others, 
though more numerous ; but as Ibis inequality of number increases 
with Ihe increase of thickness, the feebler rays will at length begin 
to influence the tint, and finally obtain the predominance ; thtfs pro- 
flucing in several cases, a complete change of colour, not a lillle 
Burpri^ing lo those who are ignorant of ils cause. Dr Thomsoa'i 
muriatcd liquor (chloride of sulphur,) which is yellowish green 
very small thicknesses, and bright red in considerable ones, is 
case in point; a solution of sap-green presents the same phenome- 
non yet more strikingly. If enclosed between glass plates, sUghtl/ i 
inclined, so as form a thin wedge, its colour towards the eijge wiH 
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all Ihe extremities of bodies, thai limit the medium thrDugb> 
which light is transmitted. Accordingly, if we introduce a bean' 
of simple light inlo a dark room, and receive it at a considerable 
distance upon ground glas?, we observe that the cxtremitiesf 
of all the bodies near which this light passes, are bordered witlt 
luminous fringes, similar to ihose produced by the two plates whew ' 
very distant from each other, and exposed perpendicularly ttf 
the luminous ray. This last condition is necessary to the pre- 
cise enunciation of the phenomenon ; for we may observe very 
lurge fringes between two distant edges, if we incline them cotH 
siderably to the incident light; and, for the same reason, sim* 
ilar fringes are also formed by reflection, when the incident my 
grazes the borders of surfaces under a very great oblitjuity. 

322. But if the single body which forms fringes by its inter" 
position, has dimensions so small that the beam of light can 
completely envelope it, projecting over the opposite sides, the 
simultaneous inSuence of these two edges produces new phe- 
nomena, which become sensible at less distances, according as 
the intercepied portion of light is narrower. For tlie sake , 
of distinctness, suppose that the body is a small opttque reel-* 
angulnr hmina, only a few hundpedlhs of an inch in width. 
Then, besides the exterior fringes formed on the parts situ.nted 
towards (he light, as when the body is of an indefinite size, other 
fringes appear within the shade. When the incident light is 
simple, these fringes are of the same colour with that; and are 
separated from one another by intervals absolutely black. 
Their ntimber is always odd, so that there is always one at the 
centre of the shade. If we receive them first at very small dis- 
tances, and then gradually at greater, they are ai first very fine 
and almost imperceptible ; then ttiey gradually extend and 
become more distinct, and their intervals enlarge at the same 
lime. If we receive them upon ground glass where we can ob- 
serve their formation, we recognise in them the preceding pccu* 
liarilies ; but the observation is rendered very much more pre- 
cise and distinct, if we employ the dilFcrent arrangements invent- 
ed by M. Fresnel, and which apply with equal advantage to all 
the experiments on diffraction. After having fixed the direction 
of the luminous beam by receiving it from a hcliostat, M. Fres- 
nel concentrated it by a strong magnifier, in a radiating point, 
almost mathematical, as in the fundamental experiment on inter- 
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:it'kablc; 6rst, for its I 
s positioQ in Ihe speclrum. 



' " The species of liglit alluded lo is 
perfect homogeneity, and secondly, for il 
WheD the Bolar spectrnin, received ou a while paper in a darkened 
room, is viewed through a moderate thicknesa (l>,oa inch) of that 
glaas, cemented to any red glass of a tolerably pure colour, it will 
be eeen reduced to a perfectly circular and well defined image of a 
deep red colour. If a pin be now stuck in the ecnlre of the 
cle it will be found on removing the glass from the eye, to havi 
been fixed in what an ordinary observer would call the very furtlui 
terminalion of Ihe red rays ; and a mark similarly made at its dl 
cumference, will appear to lie wholly without the spectrum, amn^ 
the dispersed light which usually hangs about its edges; in olba 
words, the red, thus insulated, is of too feeble anilluminatingpotre 
to affect the sight in the immediate vicinity of the other more br^ 
liant rays, and only becomes vinible when they are estinguishej 
or greatly enfeebled. To an eye defended by such n glass, visioi 
through a prism with Ihe lai^eat refracting angle, is as sharp, aif 
the outlines of minute objects as free from nebulosity and iodistind 
neas, as if their rays had suffered no refraction. These characters 
the absolute homogeneity of the rays, — their situation precisely )| 
the least refracted limit of the spectrum, and the facility with whi<4 
they mny be insulated, rcDilcr Lliem of peculiur importance aiBtaDd> 
ards of comparison in optical experiments." 

'In this simple and unpretending manner does Mr Herachel an 
tiounce, what we nmsl consider one of the greatest accessions to Ihl 
catalogue of optical fads, which has been made since Newton fis) 
pointed out the unequal refrangibiljty of the primary rays. To theil 
number Mr Herschel has added another, whose existence bad ofil 
previously been suspected ; in Ihe analysis of light he has detectd 
a new ingredient, and has thus found a nciv and exact means of 
measuring the dispersive powers of different media. To this pur- 
pose he has, nl the conclusion of his paper, applied the insulation 
of these extreme red rays, and of the extreme violet; the deviatioD 
thus obtained, being of course greater for every sort of glass than 
any obtained by former methods, and the meaaurement extremely 
exact, from the circumstance of the rays being precisely defined ■ 
truly homogeneous. The method of operating is, we believe, n 
and very simple. 

'The utility of the eslrcme red raya for this purpose ia unques- 
tionably very great ; but the fact will be interesting to philosophers 
in a variety of other points of view. We have already made some 
remarks on the decrease of illuminating intensity in the«diffeA-.'!_ 
ent spaces of the spectrum, from the centre to ihe eslremities; thb'l 
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id closely connected with the existence of invisible rays. It has 
been ascertained that the eye is somewhat deficient in its power of 
convei^n^ red light ; from this cause alone, if the red rays were 
presented to it in an insulated slate, the outer part of the red would 
be indistinct, and it would be very probable that certain extreme 
rays might exist which would be altogether invisible ; but when the 
rays are pfesentcd in juxta-position, the influence of the central rays 
which convei^e at a shorter distance will tend to increase the defi- 
ciency in the perception of the extreme red ; and this would be the 
case on the supposition that all the rays possessed an intrinsic equal 
iiiaminating power, and were all of equal density ; but if in this res- 
pect they differ, (as we have seen they do,) the diminution will 
be still more considerable. It would thus be evident, that at what- 
ever distance from the central point the real termination of the 
spectrum were situated, the apparent illuminating powers must de- 
crease by a much more rapid law, than the absolute and intrinsic 
intensities would do ; so that the apparent limit of the spectrum 
woald be at a much shorter distance from the point of maximum, 
illumination. 

' The discovery of the new red rays has, as might be expected 
excited great interest ; they have been recently examined by Mr 
Powell^ who has measured their deviation, and observed them also, 
in the moon's light. In forming the spectrum as in Dr WoUaston's 
experiment above described, their appearance is remarkably dis- 
tinct ; in the spectrum of the blue part of a flame they do not exist, 
although there is much of the more refrangible red.'' — British Critic. 
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On the Magnetizing Power of the more refrangible rays of Light. 

^ Dr Morichini, a respectable physician in Rome, discovered this 
remarkable property of the violet rays. Professor Playfair saw the 
experiment by Dr Carpi, in the absence of Morichini, before a party 
of English and Italian gentlemen. The following account of the 
experiment was drawn up from a conversation which the writer of 
this notice had with that distinguished philosopher, and was after- 
wards submitted to him for his approbation. 

'* The violet light was obtained in the usual manner, by means of 
a common prism, and was collected into a focus by a lens of a suffi- 
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dent size. The needle was made of sod wire, and was found, upc 
trial, to possess neither polarity nor any power ot' attracting itoa 
filings. It was dxed hori/.onuilly upon a support, by means of wai, 
and in sucli a direction as to cut Ibe magnetic meriUian at riglit aa- 
glee. The focus of violet rays waa carried slowly aloog ihe needle, 
proceeding from the centre lownrds one of the extremities, care 
liuiog tiiken never to go back in the same diructioa, and never la 
touch the other half of the needle. At the end of half an hon^ j 
lifter the needle was exposed to the action of (he violet rays, it w 
CHrefully examined, and it had acquired neither polarity, 
force of attraction; but after continuing the ojteration tweoty-fin 
miuuleg longer, when It was taken off and placed on its point, it U 
versed with great ahicrity, and settled in the direction of the mq 
neticiil meridian, with the end over which the rays liad ] 
turned towards the north. It also attracted and suspended a friose 
of iron tilings. The extremity of the needle Ihut was exposed to 
Ihe action of the violet rays, repelled the north pole of a compas. 
needle. This effect wiis so distinctly marked, as to leave no don 
in the minds of any who were present, that the needle had P 
its mr^netism from the action of the violet rajs." 

' Such was (he stale of this subject when Mrs Somerville directei 
to it her attention; and it is do slight praise to say, that s. 
to rest a q.uestiou on which the scieutllic world wus divided, anJX^ 
that by Ibe sagacity and ingenuity with which she has conducted 
her experiments, she has rendered visible, even in our aorthem 
climate, one of the most delicate of the magnetic influences, whicfa^ 
it was agreed on all hands, required for its developement the serene! 
sky of an Italian climate. 

' The following is a general outline of these interesting expei 
ments. 

'Having obtained the prL^mutic spectrum by menns o 
gular prism of flint glass placed in a bole in the window-shuttei 
Mrs Somerville took a sewing needle, about an inch long, ; 
tirely devoid of magnetism.* Conceiving that no polarity would be 
superinduced if the whole needle were exposed to its action, she 
covered one half of it with paper, and exposed (he other half to tlie ■ 
violet rays of the speclrum cast upon a pannel at the distance of fi' 
feet. In about t'xo hours, the needle had acquired magnetism, the « 



• ' TLis was ascertained by ill attracting indifferenliy either pole of a lev 
needle magnelLzed in the usual way. This magnetized needle was pushed ibro 
a piece of cork, in which wna inaerlad a glass cup, and it was in thai state m 
to reffclvc freely on Hie point ofanotlicr seiciiig nfcdir.' 
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posed end exhibiiing north polarity. This experiment was often 
repeated, and always with the same result. 

' By a similar process, Mrs Somerviile ascertained that the indigo 
rays had nearly as^reat an effect as the violet, and that the blue and 
green rays likewise produced the same effect, though in a less de- 
gree. 

* Mrs Somerviile next tried the yellow^ orange^ and red rays, but 
neither in them nor in the calorific rays, was the slightest effect 
produced, even when the experiments were continued for three 
saccessive days. 

^ Mrs Somerviile now applied the same method to pieces of clock 
and watch springs, about 1| inches long, and from •}■ to j^ of an inch 
broad,* and they were found to receive a stronger degree cf mag- 
netism from the violet rays, an effect which was attributed to their 
blue colour, and their greater extent of surface. Bodkins were not 
affected. When the violet ray was concentrated by a lens, the mag- 
netic influence was imparted to the needles in a shorter time. 

* In order to give additional confirmation to these results, Mrs 
Somerviile exposed unmagnetized needles, half covered as formerly, 
to the sun's rays transmitted through glass coloured blue by cobalt, 
and they were distinctly magn^'tized as before. Needles exposed 
under green glass received the same property. 

^ Mrs Somerviile now enclosed unmagnetized needles in pieces of 
blue and green ribband, one half of each being covered with paper, and 
aAer they had hung a day in the sun's rays behind a pane of glass, 
they had acquired magnetic polarity, the exposed ends being north 
poles, as in the former experiments. When red^ orange^ or yellow 
ribband was used, no magnetic influence was imparted. 

^ In performing these experiments, Mrs Somerviile found that the 
most favourable time of the day was from ten to one o'clock ; and 
that, as the season advanced, the magnetism acquired was less per- 
manent, as the needle required a longer exposure to acquire the 
same degree of magnetic virtue.' — Edinburgh Journal of Science for 
1826. 

* * When these possessed any magnetism, it was removed by heating.' 
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Of the Colours of Striated Surfaces. 

It is well known that beautiful colours are produced upon 
polished surfaces by means of fine lines or scratches. ^ Boyle appears 
to have been the first that observed these phenomena. Newton has 
not noticed them. Mazeas and Mr Brougham have made some ex- 
periments on the subject^ yet without deriving any satisfactory con- 
clusion. But all the varieties of these colours are very easily de- 
duced from the theory undulations. 

* Let there be, in a given plane, two reflecting points very near 
each other, and let the plane be so situated that the reflected image 
of a luminous object seen in it may appear to coincide with the 
points ; then it is obvious that the length of the incident and reflect- 
ed ray, taken together, is equal with respect to both points, consider- 
ing them as capable of reflecting in all directions. Let one of the 
points be now depressed below the given plane ; then the whole path 
of the light, reflected from it, will be lengthened by a line which is 
to the depression of the point as twice the cosine of incidence to the 

Fi^. 181. radius. 

^ If, therefore, equal undulations of given dimensions be reflected 
from two points situated near enough to appear to the eye but as 
one, wherever this line is equal to half the breadth of a whole unda* 
lation, the reflection from the depressed point will so interfere with 
the reflection from the fixed point, that the progressive motion of 
the one will coincide with the retrograde motion of the other, and 
they will both be destroyed ; but, when this line is equal to the 
whole breadth of an undulation, the efiect will be doubled ; and 
when to a breadth and a half, again destroyed ; and thus for a con- 
siderable number of alternations ; and if the reflected undulations be 
of diflerent kinds, they will be variously afiected, according to their 
proportions to the various lengths of the line which is the difierence 
between the lengths of their two paths, and which may be denomi- 
nated the interval of retardation. 

* In order that the efiect may be the more perceptible, a number 
of pairs of points must be united into two parallel lines ; and, if sev- 
eral such pairs of lines be placed near each other, they will facilitate 
the observation. If one of the lines be made to revolve round the 
other, as an axis, the depression below the given plane will be as the 
sine of the inclination ; and while the eye find luminous object re- 



1 when they fall on a reflectiug surface under c 



suppose a beam ofsolar light SI to fait on the first 
surface LL of a plate of glass, smooth but not silvered, making with Fig. 168. 
the surface an angle of 35° 25' ; it will be reflected in the direction 
II', making the angle of reSection equal to thai of incidence. Let it 
then be received on another plate of glass, smooth but unsilvered, 
like the former ; generally apeaking it will be agaitt reflected with a 
partial loss. But the reflection will cease altogether if the secoud 
glass be placed like the first, at an angle of SS" 25' to the line II, 
provided also it be so turned that the second reHeelioa shall take 
place in a plane H'L' perpendicular to that of the first, SIL. 

In order to make this disposition of the glasses more clearly intel- 
ligible, wo may imagine ihtii W is a vertical line, that IS is directed 
aorth and south, and I'L east and west. 

Before we enter upon the inferences to be drawn from this re- 
markable experiment, I will make a few observations on the manner 
ef performing it. 

Many kinds of app.aratu» may be devised to attain Ibis end. A 
■very cunvenicnt one is represented in figure Ifi/. It is very sim- 
ple, at)d h snfficieDt for all experiments on polarisation. It con- 
tube TV, to the ends of which are fixed two collars which 
turn with sufficient friction to keep them fast in any position. Each 
of thero bears a circular division which marks degrees. From two 
opposite points of their circumference proceed two brass stems Tf', 
3* K', parallel lu the axis of the tube, and between them is suspended 
a brass ring jiA, which may be turned about an axis XX perpendicular 
to the common direction of the sterna. The motion of the ring is like- 
wise measured by a circular graduation, and it may be confined in 
any position by screws. When a plate of glass is to be exposed to 
the light, it must be fixed on the surface of the ring; then it may 
be placed in any situation whatever with respect to the rays of light 
which pass through the tube ; for the collar, turning circularly round 
tbe tube, brings tlie reflecting plane into all possible directions, pre- 
Mrving a constant inclination to the axis, and this inclination may be 
varied by means of the proper motion of the ring round its axis XX. 
The graduated circle which regulates this motion should mark zero 
vhen the plane of the ring is perpendicular to the axis of the tube, 
and the divisions on the two collars should have their z.eros on the 
same straight line parallel to the axis. In constructing the apparatus 

3 should take care that these conditions are fulfilled j but it is of 

great conseqitonce that lliey be so exactly, as any error may bo 
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compensated by repeating each observation on both sides of ihe 
axis, and taking the meau of the numbers of degrees found in the m. 
op po si to positions. 

If it be desired, for instance, to repeal Malus's experiment describ- 
ed above, a plate of glass must be placed on each ring, and the] 
niusl be disposed ao as to be inclined to the axis at angles of 33" 25'i 
Then the graduated circle of one of the collars must be brought 
mark zero, and the olher 90", that the planes of reflection may 
perpendicular to each other. The lube must then be secured, and| 
candle placed at some distance in such a position that its rays va 
be reflected by the glass along the axis TV. This will happen wb« 
on looking through the lube the reflection of the candle is aeen i 
thu first glass. Every thing being thus arranged, the reflected aj 
will meet the second glass nt the same angle of 35° 25' ; thenij 
cording to the diflerent positions given to the collar 7*7^ which tM 
ries this glass, the light proceeding from the second reflection will h 
more or less intense, and there will be two particular positioH )( 
which there will be no reflection at all, of those at least wlli^ 
are specularly reflected by the first gloss. Care must be taken W 
put a dark object behind the glass L'L' on the side opposite tolbft 
reflected light, in order to intercept the extraneous rays which Bligli 
be sent on this side from exterior objects, and which, passing tbrou^ 
the glass, and arriving at the eye, would mix with the rcAecK 
rays that are the subject of the observation. The same precaali< 
should be taken for the glass LL ; and indeed as this is never nM 
except to reflect light at its first surface, the back of it may be blacM 
ened once for all with India ink, or smoked with a lamp; it woulit 
not do to silver it for a reason that will be given hereaflei 

For the light of the candle mentioned above may bo subatitntal 
that coming from the atmosphere, which may be received into 
tube when reflected by the first glass LL ; but in this case to 
servo to the rays the precise inclinati 
non, the field of iho tube should bo Ih 
very small apertures placed within i 
blackened or smoked as before mentic 
might come by refraction from objei 
manner, on looking through the tube, 
towards the sky a small brilliamt whitt 
all the experimeuis may bo niadi 



on required for the 
nited by some diaphragms wt 
t. The first glass should 1 
laed to intcrce|)t any rays ih 
:ts situated under it. la th 
, when the glass LL is lurjM 
> speck will be seen, aa whii 
The perfect whiteness of (1 



spot IS a great advantage ; it is an indispensable qualification ii 
eases, where diflerent tints are to be observed and compared 
impossible to succeed as well with the flame of a eandlc or any 
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termiDcd tlieni by experimenl. As lo tlie allcrnations of polarisa- 
tisn, ihey become, in the undulalory system, a compound result pro- 
duceil by the mutunl ioSuetice of the interfering rays, and it is easy 
to deduce from observation liie conditions lo wliicli the mixture of 
the waves must be subjected to produce the new direction of appar- 
ent polarisation. M. t'rcsnel has done this, and the indications of 
his formula liavn been fouud conformable in all respects lo the lawt 
deduced by M. Biol from observation- 

These interfere nces of the rays may be produced without the 
assistance of crystalline lamins ; we may equally well employ thick 
plates, provided the rays pass through them at very small incliia- 
tions to their crystalline a%i;s. If the experiment be made with a 
conical pencil of light, large enough lo give the various rajs com- 
posing it inclinations sensibly different to the axes, so that ihey shall 
experience double refractions sensibly unequal, these rays, analvied 
after they emerge, offer different colours united in the same system 
of polarisation ; and the union of these colours forms round the am 
\ eoloiircd zones, the configuration of which indicates the system or 
I polarising action e.Tcrled by the substance under consideration. 
This kind of experiment is therefore very proper for exhibilmg ihfl 
axes, and indicating the mode of polarisation which any given sub- 
■tance impresses on the rays. 

Upon the whole, the interferences of polarised rays offer very re- 
►■larkable properties, many of which have been discovered and ana- 
lyzed by MM. Arago and FresncI with great ingenuity and cODStii- 
erablo success, but as the limits of this work do not allow of a filll ex- 
position of ibem, we shall only cite one, which is, that rays polarised 
at right angles do not affect each other when they are made to inter* 
fere, whereas they preserve that power when thoy are polarised in 
r tile same direction. It is not only crystalline bodies that modify 
palnrisation impressed on the rays of light ; MM. Malus and Biol 
nd by different experiments, made about the same time, that if a 
I ny be refracted successively by several glass plates placed pandlel 
I to each other, it will at length be polarised in one single directioa 
' perpendicnlar to the plane of refraction. Malus by a very ingeniom 
f analysis of this phenomenon, has moreover shown that it is progres- 
f tivej the first glass polarising a small portion of the incident ligfalf 
tile second a part of that which had escaped the action of the first, 
and so on. M. Arago, measuring the successive intensities by > 
method of his own invention, has shown that they are exactly equal 
to the quaptity of light polarised in contrary directions at each it- _ 
flection. A phenomenon analogous to this is produced naturallj^ 
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